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GENERAL INTRODUCTION 
1. Cell population kinetics in the adult organism 
In the adult organism some organs and tissues still 
contain proliferating and differentiating cells, whereas 
other organs only consist of non-dividing specialized 
cells. On the basis of their proliferative activity cell 
populations may be classified into three categories (135, 
138,208). In some cell populations, e.g. neurons, no cell 
divisions occur in the adult organism, and these have been 
referred to as "static" or "stable" cell populations. In 
other cell populations the number of cells keeps increasing 
in the adult organism at a slow rate with scattered mitoses, 
e.g. parenchymal cells of liver and kidney; such cell popu-
lations are called "growing" or 11 expanding" cell popula-
tions. In some organ systems cell proliferation occurs at a 
high rate in the adult organism, and mitotic figures are 
abundant. These cell populations do not increase in size, 
or only to a slight degree, and cell production is balanced 
by continuous cell loss. These cell populations are called 
"renewing" cell populations (141). Examples of 11 cell renew-
ing systems" are epidermis and derivatives, gastrointesti-
nal epithelia, testis and blood-forming tissues. The size 
and the functional capacity of such a cell population is 
dependent on the precise bqlance between cell production 
and cell loss, while some flexibility is needed to meet 
with possible perturbations of the system. 
The regulatory mechanisms responsible for maintaining 
the balance between cell production and cell loss in renew-
ing cell populations are still largely unknown. A feedback 
control of cell proliferation by the functional cell com-
partment has been described for some renewing systems (25, 
100,120,184,252). However, little is known about how the 
size of the proliferative cell compartment is regulated, 
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and how the proliferative activity in that compartment is 
controlled. Knowledge of the underlying control mechanisms 
would yield more insight into the growth and maintainance 
of the organs concerned. It could also contribute to the 
understanding of how the balance between cell production 
and cell loss is disturbed under aplastic and cancerous 
conditions. 
For a study on control mechanisms of cell proliferation 
in cell renewing systems the epithelium of the small intes-
tine offers certain advantages. The turnover time of the 
epithelium of the small intestine is the shortest of all 
organs (17), which enables accurate analyses of the cell 
population kinetics under various experimental circumstan-
ces. The generative cell cycle of the intestinal epithelium 
is one of the shortest in the organism, being approximately 
12 hours (48). The orderly microscopic arrangement of the 
different developmental stages in the proliferative, matu-
ring and functional cell compartments makes the investiga-
tion of ultrastructural and biochemical characteristics of 
the epithelial cells in relation to cell age possible (20, 
40,57,85,173,226). Finally, the small intestine is readily 
accessible for biopsy in man, and experimental changes of 
its functional environment may easily be induced in animals. 
2. The small intestinal epithelium as a cell renewing system 
a. Epithelial cell types 
The intestinal epithelium is localized on the villi and 
in the crypts of the small intestine (see Figure 1). This 
structure arises in the rat during fetal and early postna-
tal development from a simple tube lined by a stratified 
epithelium, which changes into a structure with villi lined 
by a simple columnar epithelium (106,125,158,159). Dividing 
epithelial cells have been observed on rat fetal villi, but 
already before birth cell proliferation is limited to the 
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Fig. 1. Localization of proliferative, maturation, and functional 
cell compartment in jejunal epithelium. 
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basal parts of the villi (106). In the rat crypts are for-
med shortly after birth, and cell proliferation is confined 
to these (106). In man a similar development seems to occur 
during the first and second trimester of gestation (92). 
In the adult animal the epithelium of the small intes-
tine consists of four cell types, which probably arise from 
a common precursor cell (38-42). The majority of the epi-
thelial cells, more than 85%, consists of columnar absorp-
tive cells (38). The columnar absorptive cell arises by 
cell division in the lower half of the crypt and subsequent-
ly migrates during a twelve hours' period along the upper 
half of the crypt, which has been designated the maturation 
cell compartment (34,193). During its course through the 
crypt a gradual development of the ultrastructural cell 
components takes place {38,57,61,173). Also the activity of 
a number of enzymes shows a gradual increase in the crypt 
(20,77,84,210). A more sudden development takes place at 
the crypt-villus junction. Considerable changes in the ul-
trastructure, e.g. microvilli and endoplasmic reticulum, 
are then observed (57,61,173), and the activity of several 
enzymes involved in intestinal function shows a large in-
crease (20,21,84,85,121,170,173,210). On the villus the 
columnar absorptive cells, which are now actively involved 
in intestinal function, migrate in the rat in approximately 
30 hours to the villus top where they are extruded into the 
lumen (53,86,149). 
A second cell type of the intestinal epithelium is the 
goblet cell, which produces a mucinous secretion which may 
serve as a protective or lubricant agent {167). In the 
lower half of the crypt the precursor cell of the goblet 
cell, the oligomucous cell, arises from early stages of the 
columnar absorptive cell. After one or more cell divisions 
the mature goblet cell develops (31,38,59,164,167). The go-
blet cell, too, migrates along crypt and villus and is 
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eventually extruded from the villus top (31,38,164,167). 
A third cell type in the intestinal epithelium is the 
Paneth cell, which is characterized by its specific granu-
lae and its location in the bottom of the crypt. The Paneth 
cell may function as a source of intestinal lysozyme or as 
a specific cell type for the phagocytosis of intestinal 
microorganisms (66-68,172,181). The Paneth cell is not able 
to divide and probably also arises from early stages of the 
columnar absorptive cell {39,99). The Paneth cell remains 
located at the bottom of the crypt, degenerates after a 
relatively long life-time and is eventually phagocytosed by 
an adjacent columnar absorptive cell (39). 
The least frequent cell type, making up less than 1% of 
the intestinal epithelial cells, is the entero-endocrine 
cell, which is a heterogenous cell population of probable 
endocrine cells. The entero-endocrine cells are responsible 
for the production of several putative hormones (8,41,72, 
179,187). Although it has been suggested that these cells 
originate from the neural crest (180), this view seems un-
likely (9,42,73,142,183). Thus, entero-endocrine cells are 
now thought to arise from dividing precursor cells, which 
differentiate from early stages of columnar absorptive 
cells (41). The entero-endocrine cells also migrate to the 
villus to be eventually extruded from the villus top (41). 
b. Epithelial cell kinetics in the small intestine 
Already in 1888 Bizzo'zero suggested that the epithelial 
cells arising from the observed mitotic figures in the 
crypt were to replace damaged villus cells (18). However, 
it was not until 1945 that Friedman demonstrated by using 
X-irradiation that goblet cells migrate from the crypt to 
the villus and subsequently to the villus top (78). Shortly 
thereafter Leblond and co-workers were able to follow newly-
formed epithelial cells from the crypt up to the top of the 
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villus by means of autoradiography after labelling with 
radioactive phosphate (140). In the following years it was 
found that cell division in the crypt is independent of lu-
minal contents, and it was concluded that the epithelial 
lining of the small intestine constitutes a renewing cell 
population with an unusually high rate of cell replacement 
(16,139,141,222). The number of cells produced and lost 
every 30 days in the rat small intestinal epithelium was 
found to equal the total number of cells in the body (135). 
In 1951 Howard and Pelc described that DNA synthesis 
occurs during a specific part of the generative cell cycle 
(S-phase) , separated time-wise from the mitotic phase by 
"gaps", which they later designated as G1- (pre-DNA synthe-
sis) and G2-phase (post-DNA synthesis) of the generative 
cell cycle (114,115). After several attempts to find speci-
fic radioactive labelled DNA-precursors (138,141), the in-
troduction of tritiated thymidine ( 3H-thymidine) was an im-
portant step forward (224). Tritiated thymidine. is rapidly 
taken up by dividing tissues, it has a short half-life time 
in the blood, and it is incorporated only into DNA only 
during the S-phase of the generative cell cycle, whereas it 
is released from DNA only after death of the cell (7,48,54, 
70,116,202). Furthermore, tritium ( 3H) gives a high resolu-
tion in autoradiography, which facilitates the localization 
of DNA-synthesizing cells (48,116). Although high doses of 
thymidine may disturb cell proliferation and high doses of 
tritium may give local radiation damage, the required dose 
of 3H-thyrnidine for cell kinetic studies in vivo is low 
enough to prevent these side effects (19,48,94,188,206,221). 
An important prerequisite for the use of 3H-thyrnidine as a 
parameter for cell proliferation is that every cell actual-
ly divides after DNA synthesis, and this has been amply 
demonstrated for the intestinal epithelium (26,128,165,207). 
A large number of investigations were performed to 
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study epithelial cell proliferation in the small intestine 
using 3H-thymidine (116,137,138,165,193). These studies 
confirmed that epithelial cells divide in the crypt, migra-
te to the villus and are lost from the villus top. Further-
more, using the model of the generative cell cycle as pro-
posed by Howard and Pelc (115), it became possible to de-
termine the duration of the generative cell cycle phases 
by following the appearance and disappearance of labelled 
mitotic figures after pulse labelling with 3H-thyrnidine 
(193). More detailed cell kinetic studies were subsequently 
performed, and models were proposed for the cell renewing 
system of the intestinal epithelium (33,34,193). Also 
methods were developed for a more exact quantitative des-
cription of the small intestinal epithelium, especially in 
the mouse (2,35,95,97,129,212,241). As differences do exist 
in the quantitative description of the intestinal epithe-
lium between mice and rats, quantitative data of rat small 
intestine will only be referred to in the following, since 
the investigations described in this thesis dealt with rat 
epithelium. 
In the crypts of the rat small intestine cell prolife-
ration is confined to the lower half of the crypt (33,83, 
193,246). In the lower part of this proliferative cell com-
partment each dividing cell gives two proliferating cells, 
whereas in the upper part each dividing cell yields two 
non-proliferating cells (27,34,193). All columnar absorp-
tive cells in the proliferative cell compartment are proli-
ferating with a maximal duration of the generative cell 
cycle of 24 hours (31), and the proliferating cells are 
evenly distributed over the phases of the generative cell 
cycle (207). The mean duration of the generative cell cycle 
is approximately 12 hours; it is 14-16 hours in the lowest 
crypt cell positions and 10-11 hours in the upper part of 
the proliferative cell compartment (1,27,33). This diffe-
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renee is due to differences in the duration of G1- and s-
phase, respectively 2-4~ hours and 6-8~ hours. The duration 
of the G2 - and M-phase of the generative cell cycle is the 
same throughout the proliferative cell compartment, respec-
tively 1 hour and ~-1 hour (1,33). After having completed 
2-3 cell divisions (246), the crypt cell enters the 11 criti-
cal decision zone 11 (34,193) halfway the crypt where the 
cell normally stops cell proliferation. After migrating 
through the upper half of the crypt, which takes 9-12 hours, 
the cell enters the functional villus compartment (33,86, 
246,250). On the villus the epithelial cell perfor~its 
function, while migrating from the base to the top of the 
villus, and 36-42 hours after its last cell division the 
cell is extruded into the intestinal lumen (53,86,149). 
Three-dimensionally, the small intestine of the rat is 
lined by approximately 2 x 10 9 villus cells and 2 x 10 9 
crypt cells (5). The total number of villi in the rat small 
intestine is 1.4-1.5 x 10 5 (46,74). The mean number of 
crypts per villus, the crypt-villus ratio, throughout the 
entire small intestine is 16 (44,47,81), which gives 
6 2.2-2.4 x 10 crypts for the entire rat small intestine. 
From these values it may be calculated that there are ap-
proximately 15.000 epithelial cells per villus and 800-900 
epithelial cells per crypt. Experimentally it was found 
that the number of cells per crypt is between 530 and 850 
(32,110,242,246,250). Assuming 700 cells per crypt, anum-
ber of 420 proliferating cells per crypt may be expected, 
the growth fraction of the crypt cell population being 0.6 
(33,248,250). These 420 proliferating cells with a mean ge-
nerative cell cycle time of 12 hours (1,27,33) produce ap-
proximately 35 cells per crypt per hour. This value is in 
good agreement with experimentally obtained data for the 
crypt cell production, which was found to be 30-40 cells 
per crypt per hour (45,246,250). This rate of crypt cell 
17 
production, together with a crypt-villus ratio of 16 results 
in an influx in~o the villus cell compartment of 560 cells 
per villus per hour. Since the life span of the epithelial 
cells is approximately 40 hours, and the transit time along 
the upper part of the crypt 10 hours (33,86,149,246,250), 
the villus transit time is approximately 30 hours. This in-
dicates that, with an influx of 560 cells per villus per 
hour, the number of cells per villus is approximately 
17,000. This value agrees well with the 15,000 cells per 
villus, which was calculated from the number of villus 
cells and the number of villi in the entire rat small in-
testine. 
c. Regulation of cell proliferation in intestinal epithelium 
The mechanisms responsible for the orderly microscopic 
arrangement and the relative numbeE of proliferating, matu-
ring and functional epithelial cells in the small intestine 
are largely unknown. The same is true for the mechanisms 
involved in the regulation of epithelial cell proliferation, 
cell migration and cell death (82). 
It has become clear that crypt cell proliferation is 
influenced by a large number of factors, which is reflected 
for instance by the existence of a daily rhythm, by changes 
occurring with aging, and by changes which take place under 
altered physiological conditions such as lactation (32,52, 
79,145,211,213,219). Such changes in the epithelial cell 
kinetics may be caused by neural, hormonal, or luminal fac-
tors (6,87,104,123,136,169,174,218,231,232,247,251). How-
ever, nothing is known about the way(s) in which these fac-
tors induce changes in epithelial cell kinetics. 
A large number of investigators has studied the effects 
of experimental perturbations of crypt cell proliferation 
by means of X-irradiation or inhibitors of DNA and protein 
synthesis (55,56,83,132,143,190,233,240). Relatively low 
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doses of X-irradiation (300-900R) result in a temporary 
block of cells in the G1- and G2-phase of the generative 
cell cycle (143,178,191,240) 0 Subsequently many abortive 
mitoses appear and the crypt cell population is reduced 
(55,143,146,178,190,191,240) o The resulting reduction of 
crypt cell production leads to a decrease in the number of 
villus cells (131,178,191,209) 0 A recovery of the crypt 
cell population takes place from 24 hours after irradiation 
on, and a temporary overshoot in proliferative activity 
occurs (55,83,98,143,190,209,240). The latter is the result 
of some shortening of the generative cell cycle time (143), 
and especially of a marked expansion of the proliferative 
cell compartment in the crypt (83) o The latter enables 
cells to go through one extra generative cell cycle before 
leaving the crypt (83). The overshoot in proliferative ac-
tivity may be due to the initial damage of the crypt cell 
compartment, or to the reduction of the villus cell com-
partment by means of a feedback control mechanism (83,144). 
The latter possibility was tested by a number of investiga-
tors (86,161,205). An inverse relationship was found to 
exist between the number of villus cells and the prolifera-
tive activity in the crypt in normal as well as in germfree 
rats following 700R X-irradiation (86,161). The small in-
testinal epithelium was also studied during the recovery 
period after irradiation by Sato and co-workers, who deter-
mined the number of crypt and villus cells (205) 0 They 
found that the experimental data reasonably fitted curves 
constructed with a computer model, which was based on a 
simple two-compartment system with a feedback control of 
cell proliferation by the functional villus cell compart-
ment (205). However, in the computer model a constancy of 
the generative cell cycle time and of the growth fraction 
had been supposed, and this does not agree with experimen-
tal findings (83,143) 0 
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The first purpose of the investigations presented in 
this thesis was to test the hypothesis of a feedback con-
trol of crypt cell proliferation by the functional villus 
cell compartment. 
Furthermore, it is known that the epithelium of the 
small intestine may "adapt" to experimentally altered cir-
cumstances (64). Especially changes in luminal and/or func-
tional factors seem to result in marked changes in the size 
of the functional villus compartment (6,63,64). Resection 
of a large part of the small intestine leads to an enlarge-
ment of the villus cell population in the remaining intes-
tine {62,63, 71,101,103,160,216). On the other hand, experi-
mental by-pass of a jejunal segment leads to a reduction of 
the villus cell population in that segment (3,88). Changes 
in the villus cell compartment were also observed after 
inducing changes in the luminal contents of the entire 
small intestine or of parts of the intestine (3,4,6,80,122, 
162) • 
The second purpose of the investigations presented here 
was to study epithelial cell kinetics following experimen-
tal procedures which would lead to a permanent reduction or 
enlargement of the functional villus cell compartment in an 
intestinal segment. 
d. Cell maturation in the intestinal epithelium 
Numerous studies have focussed on the functional capa-
city of the small intestine under various circumstances, 
especially by determining the activities of enzymes invol-
ved in intestinal function. The activity of a number of in-
testinal enzymes was determined after changes in luminal or 
hormonal circumstances, and after disturbing crypt cell 
proliferation (10,14,37,50,89,107,163,171,238). However, 
enzyme activities were usually determined in homogenates of 
20 
entire small intestinal segments or in hornogenates of muco-
sal scrapings, which does not give much information on the 
cell maturation of the epithelial cells. For changes in in-
testinal enzyme activities found in such homogenates may 
very well be due to changes in the ratio of crypt to villus 
cells, or to changes in the fraction of proliferating cells. 
More promising in this respect are methods which enable 
(micro)chemical analysis of separated cell compartments of 
the intestinal epithelium (84,152,170,235,236) o These 
methods have been used by various investigators to study 
epithelial cell maturation in normal small intestine (75, 
105,117,119,168,170,235), extending earlier data obtained 
by histochemical methods (77,121,173,210,226) 0 Galjaard and 
co-workers applied such a separation procedure to study 
epithelial enzyme activities in dissected crypt and villus 
cell compartments during the recovery period following 
irradiation (20,21,60,83-85). From these studies it 
appeared that an e~pansion of the proliferative aell com-
partment in the crypt after irradiation is accompanied by a 
decrease in the activity of a number of enzymes involved in 
intestinal function (20,21,60,83-85) o 
The third purpose of the investigations described in 
this thesis was to study cell maturation in the small intes-
tinal epithelium under various experimental circumstances 
by determining enzyme activities in separated crypt and 
villus compartments. 
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INTRODUCTION AND DISCUSSION OF THE EXPERIMENTAL WORK 
To investigate the regulatory mechanisms of epithelial 
cell proliferation in the small intestine, and to analyse 
epithelial cell maturation under various circumstances, a 
number of studies were undertaken, which are dealt with in 
the following. 
After a relatively low dose of X-irradiation the crypt 
cell population is reduced,, and subsequently a decrease in 
the number of villus cells may be observed (55,178,191,209, 
240). During the recovery period an overshoot in prolifera-
tive activity occurs (83,98,143,190,209,240), which may be 
a response to the initial damage of the crypt cell popula-
tion, or by means of a feedback control mechanism the re-
sult of a reduction of the villus cell population (83,144). 
Data supporting the latter view were obtained by a number 
of investigators studying the recovery of the intestinal 
epithelium after X-irradiation (86,161,205). For a correct 
interpretation of these findings it is necessary to know 
whether changes in villus length are due to changes in 
crypt cell kinetics or that (also) variations in the life 
span of the epithelial cells play a role. Therefore epithe-
lial cell migration along crypt and villus was studied 
using 3H-thymidine at various time intervals after 700R x-
irradiation. These studies, which are described in appendix 
publication I, show that the minimal life span of the epi-
thelial cells is always more than 36 hours, whether the 
villus cell compartment is markedly reduced or has recove-
red almost completely. It was found that the cell migration 
rate is dependent on the rate of crypt cell production. The 
recovery of the villus cell compartment starts only after 
crypt cell production has become large enough again to pro-
vide a normal cell migration rate along crypt and villus. 
By determining the radioactivity in dissected villi, after 
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3H-thyrnidine labelling at various time intervals after irra-
diation, it was found that labelled cells were always lost 
from the villus between 36 and 48 hours after injection of 
3H-thymidine. This indicates that the maximal life span of 
the epithelial cells in the small intestine is less than 
48 hours both in normal intestine and during the recovery 
period after X-irradiation. Thus it appears that the life 
span of epithelial cells in rat small intestine (36-48 
hours) does not change to a considerable extent during re-
covery from irradiation. Hence the recovery of the villus 
cell population following irradiation is mainly to be at-
tributed to the increased cell proliferation in the crypt. 
This finding also implicates that changes in enzyme activi-
ties, which were found in the crypt and villus cell com-
partment during recovery after irradiation (20,21,83-85, 
161), are probably only related to the expansion of the 
proliferative crypt cell compartment. 
In the same publication also the recovery of the in-
testinal epithelium after different doses of X-irradiation 
was compared. It was found that the number of crypt cells 
is markedly reduced after 700R X-irradiation, whereas only 
a small decrease in the number of crypt cells was found 
after irradiation with 300R. Following both radiation doses 
the percentage of labelled crypt cells after pulse label-
ling with 3H-thymidine was reduced after 24 hours, and an 
overshoot in proliferative activity was observed from 48 
hours on. A marked decrease in the number of villus cells 
was observed from 48 hours after irradiation on, also for 
both irradiation doses. Thus, the increase in proliferative 
activity in the crypt seems to be independent of the ini-
tial damage of the crypt cell population following X-irra-
diation with 300R to 700R. Furthermore, an inverse rela-
tionship was found between the number of villus cells and 
the proliferative activity in the crypt. 
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Although the hypothesis of a feedback control of crypt 
cell proliferation by the villus cell population was sup-
ported by the data from appendix publication I, some con-
trasting data had been reported from studies on the effects 
of continuous irradiation. In those studies no increase in 
proliferative activity was observed during irradiation {29, 
132,189,192,242), although a reduction of the villus cell 
compartment had been found (134,189). The studies, which 
are described in appendix publication II, were meant to 
follow up these findings by investigating epithelial cell 
kinetics during the course of continuous irradiation and 
during the recovery period thereafter. It was found both by 
autoradiographic studies and by scintillation counting of 
the separated crypt cell compartment after pulse labelling 
with 3H-thymidine that the proliferative activity in the 
crypt was reduced after 1 day of irradiation, but values 
identical to those in control animals were subsequently 
found during the remaining period of 5 days of irradiation. 
Although the percentage of labelled crypt cells was not in-
creased, an increase in the relative size of the prolifera-
tive cell compartment in the crypt occurred from 2 days 
after the start of the continuous irradiation on. At the 
same time a marked decrease in the number of cells per vil-
lus column was observed, whereas the number of cells per 
crypt column was only slightly affected. After cessation of 
the irradiation an overshoot in proliferative activity was 
observed. The number of villus cells as well as the rela-
tive size of the proliferative cell compartment in the 
crypt were normal again at 2 days after cessation of the 
irradiation. 
These findings indicate that also during continuous ir-
radiation an expansion of the proliferative cell compart-
ment in the crypt occurs. The absence of an increase in the 
percentage of labelled crypt cells may be due to the steri-
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lizing action of the continuous irradiation (29,30). This 
view is also supported by the presence of a decrease in 
the labelling index of cells in the lower half of the crypt 
and by the overshoot of proliferative activity immediately 
after cessation of the irradiation. 
In these studies also epithelial cell maturation was 
investigated by determining the activities of several en-
zymes involved in intestinal function in separated crypt 
and villus cell compartments. The activity of non-specific 
esterases normally increases already during crypt cell ma-
turation and another increase in activity occurs at the 
crypt-villus junction. During continuous irradiation the 
esterase activity was reduced in the crypt at all time in-
tervals at which an expansion of the proliferative cell 
compartment existed in the crypt, and also a decreased ac-
tivity was observed in the villus cell compartment. This is 
in agreement with earlier reports, showing an inverse rela-
tionship between crypt cell proliferation and esterase ac-
tivity in the crypt during recovery after a single radia-
tion dose (83,86,161). 
The use of X-irradiation as a tool to test the hypothe-
sis of a feedback control of crypt cell proliferation has 
the disadvantage of reducing the villus cell population by 
affecting the crypt cell population, the response of which 
is subsequently studied. A preferable approach would be to 
affect the villus cell population directly, and subsequent-
ly study the effects of this on crypt cell proliferation. 
Temporary intestinal ischemia is a procedure which seems to 
affect selectively the villus cell compartment (36,198,199, 
201). Appendix publication III describes that the number of 
villus cells was markedly reduced within 2 hours after tem-
porary clamping of the superior mesenteric artery and vein. 
Subsequently it increased again to approach control values 
within 24 hours after temporary ischemia. No decrease in 
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the number of crypt cells was observed, and the specificity 
of the procedure was further tested by combining cell mi-
gration studies with temporary ischemia, which showed that 
epithelial cells were mainly lost from the upper part of 
the villi. Although earlier reports mentioned a normal mi-
totic index following temporary intestinal ischemia (36, 
186) , an increase in proliferative activity was observed at 
8 hours and 16 hours after ischemia. This increase was 
found to be mainly caused by an increase in the relative 
size of the proliferative cell compartment in the crypt. 
These findings strongly support the hypothesis of a feed-
back control of crypt cell proliferation by the villus cell 
compartment, and it seems likely that this mechanism acts 
by changing the relative size of the proliferative cell 
compartment in the crypt. 
In these studies it was also determined whether the 
response of crypt cell proliferation to a reduction of the 
villus cell population is of a local or a systemic charac-
ter. After creating temporary ischemia in half of the small 
intestine, cell proliferation was studied both in that part 
of the intestine and in a part which had not been subjected 
to ischemia. In the part of the intestine which had been 
ischemic a marked increase in proliferative activity was 
observed, whereas no changes occurred in the intestinal 
part which had not been subjected to temporary ischemia. 
Thus it seems most likely that a feedback. control of crypt 
cell proliferation is a local mechanism. 
The experiments so far described were concerned with 
temporary changes in epithelial cell kinetics of the small 
intestine. Permanent changes in the epithelium of the small 
intestine may be observed especially after procedures which 
lead to changes in luminal and/or functional factors (64) . 
Resection of part of the small intestine, or transposition 
of an ileal segment to jejunum leads to an increase in the 
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number of villus cells (3,6,63,101), whereas experimental 
by-pass of a jejunal segment results in a reduction of the 
villus cell population (6,88). To study the changes in cell 
kinetics and cell maturation leading to the "adaptation .. of 
the jejunal epithelium after experimental by-pass, the epi-
thelium in jejunal Thiry-Vella fistulas was studied from 2 
to 360 days after surgery. Appendix publication IV describes 
that the number of cells per villus column decreases at 
7-14 days after by-pass, and the same is true for the num-
ber of cells per crypt column, though to a lesser degree. 
Subsequently the crypt and villus cell compartments remai-
ned constant up to one year after experimental by-pass, 
which demonstrates the intrinsic nature of the mechanisms 
maintaining the architecture of the intestinal epithelium. 
The percentage of labelled crypt cells after pulse label-
ling with 3H-thymidine does not change in the by-passed 
segment, except for an increase at 2 days &ter su~gery. 
Such an increase was also found in the remaining jejunum 
in continuity, and seems to represent a general response of 
the epithelium to the extensive manipulation of the small 
intestine. Also no changes were observed in the relative 
size of the proliferative cell compartment in the crypt. 
The three-dimensional crypt size, which was determined by 
scintillation counting of isolated crypts after 3H-thymi-
dine labelling, was markedly reduced after experimental by-
pass. This decrease in the number of cells per crypt, to-
gether with an unchanged relative size of the proliferative 
crypt cell compartment, appears to be responsible for the 
reduction of the villus cell population. The size of the 
villus was also reduced three-dimensionally, which was de-
monstrated by scanning electron microscopy. The number of 
crypts per unit length of small intestine and the crypt-
villus ratio were found to be unchanged in by-passed jeju-
num. Cell migration studies suggested some shortening of the 
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life span of the epithelial cells, which would also contri-
bute to the decrease in number of villus cells. 
The activities of non-specific esterases and neutral 
a-glucosidase in the crypt remained unchanged following by-
pass, and an increase in the activity of non-specific este-
rases was found in the villus cell compartment. Thus it 
seems that the development of these biochemical characte-
ristics of the epithelial cells is not dependent on the 
presence of normal luminal contents. 
E'rorn these results it appears that "adaptation" of the 
intestinal epithelium after by-pass is characterized by a 
decrease in the number of crypt cells and number of func-
tional villus cells. These changes in the intestinal epi-
thelium after by-pass apparently proceed in a different way 
than the changes induced by the feedback control of crypt 
cell proliferationa This view is also supported by the fact 
that the decrease in the villus cell compartment occurred 
only at 7-14 days after by-pass, whereas the response of 
crypt cell proliferation to a reduction of the villus cell 
compartment is almost immediate. 
Appendix publication V describes the recovery of the 
intestinal epithelium from X-irradiation in by-passed jeju-
num. Rats were exposed to 700R whole-body X-irradiation at 
3-4 months after the experimental by-pass of a jejunal seg-
ment. The reduction and subsequent recovery of the crypt 
cell population occurred in the same way in by-passed jeju-
num as in jejunum remaining in continuity. Also the reco-
very of the villus cell compartment proceeded in the same 
way. These findings show that the response of the crypt 
cell compartment to an experimental reduction of the villus 
cell compartment is not dependent on the presence of normal 
luminal contents. 
The results also indicate that the two mechanisms - one 
responsible for the decrease in number of crypt and villus 
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cells after by-pass, and the other responsible for the 
reaction of crypt cell proliferation to a reduction of the 
villus cell compartment - do not interfere with each other, 
and indeed may reflect two separate control mechanisms of 
crypt cell proliferation. 
Epithelial cell maturation, as estimated by determining 
the activities of non-specific esterases, alkaline phospha-
tase and neutral a-glucosidase in separated crypt and vil-
lus compartments, was affected in by-passed jejunum to the 
same degree as in control jejunum after irradiation. This 
finding shows once more that the response of the intestinal 
epithelium to a temporary disturbance of the 11 Steady state 
growth" is independent of luminal and/or functional fac-
tors. 
A permanent increase in the number of functional villus 
cells was reported to occur in an ileal segment after 
transposition to proximal jejunum (6). Transposition of an 
ileal segment, in which the number of cells per villus 
column is considerably smaller than in jejunum, to proximal 
jejunum offers an excellent model to study the way in which 
the enlargement of the villus cell population is brought 
about in transposed ileum, since control ileal and control 
jejunal epithelium are available in the same rat. Appendix 
publication VI describes the epithelial cell kinetics and 
cell maturation in an ileal segment from 2 to 30 days after 
transposition to proximal jejunum. In this study all data 
obtained from the transposed ileum as well as from the re-
maining ileum in continuity were expressed as percentages 
of the values found for jejunum in the same rats. In this 
way, a correction could be made for the response of the 
entire small intestine to the extensive manipulation during 
surgery. The number of cells per villus column increased in 
the transposed ileum only at 7 days after surgery to reach 
values of jejunum at 14-30 days after surgery. This increa-
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se in the number of villus cells was accompanied by an in-
crease in the number of cells per crypt column up to 130% 
of values in jejunum and ileum. However, the percentage of 
labelled crypt cells after 3H-thyrnidine labelling was the 
same in jejunum, transposed ileum and remaining ileum at 
all time intervals after surgery. This was also true for 
the relative size of the proliferative cell compartment in 
the crypt. The total proliferative activity per crypt de-
termined by scintillation counting of isolated crypts after 
3H-thymidine labelling increased two-fold from 7 days after 
surgery in transposed ileum. Cell migration studies at 30 
days after surgery showed no differences in the life span 
of the epithelial cells of the three different intestinal 
segments. Thus, it appears that the enlargement of the vil-
lus cell compartment in an ileal segment after transposi-
tion to proximal jejunum is caused by an increase in the 
number of cells per crypt. It is remarkable again that the 
"adaptation" of the transposed ileal epithelium takes a 
relatively long time, considering the rapid rate of turn-
over of the intestinal epithelium. The same was true for 
changes in the intestinal epithelium after experimental 
by-pass as described in appendix publication IV. 
Epithelial cell maturation was studied by determining 
the activities of non-specific esterases and neutral a-
glucosidase, which are normally lower in ileum than in je-
junum (105). After transposition to jejunum the enzyme ac-
tivities of the ileal epithelium did not increase. Again, 
it is clear that "adaptation" of the intestinal epithelium 
takes place by a change in the size of the functional vil-
lus cell compartment, and not by alterations in the enzyme 
activities of the villus cells. These results also suggest 
that epithelial cell maturation as reflected by enzyme ac-
tivities is quite independent of the functional environ-
ment. 
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GENERAL DISCUSSION 
Although many cell kinetic studies on the epithelium of 
the small intestine have been performed, the regulatory 
mechanisms underlying the balance between cell production 
and cell loss are still largely unknown. The main purpose 
of the experiments described in this thesis was to study 
control mechanisms of crypt cell proliferation in the small 
intestine. 
The data described in appendix publication I showed 
that the recovery of the villus cell population following 
a single dose of irradiation is not to be attributed to a 
change in the life span of the epithelial cells. Compara-
tive studies on the recovery from different doses of X-irra-
diation revealed that the overshoot in proliferative acti-
vity in the crypt occurs independent of the degree of ini-
tial damage to the crypt cell population following X-irra-
diation with 300-700R. Furthermore, the hypothesis of a 
feedback control mechanism of crypt cell proliferation (86, 
161,205) was supported by the finding of an inverse rela-
tionship between the number of villus cells and the prolife-
rative activity in the crypt. The experiments with conti-
nuous irradiation described in appendix publication II de-
monstrated that an expansion of the proliferative cell com-
partment may occur in the crypt despite the fact that total 
proliferative activity in the crypt is not increased. From 
the inverse relationship between the number of villus cells 
and the relative size of the proliferative cell compartment 
in the crypt it appeared that a feedback control mechanism 
of crypt cell proliferation would act via determining the 
relative size of the proliferative crypt cell compartment. 
The following studies described in appendix publication III, 
clearly showed that a selective reduction of the villus cell 
population leads almost immediately to an enlargement of the 
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proliferative cell compartment in the crypt. 
Gluten-induced celiac disease in man also presents a 
situation in which increased cell loss from the villi seems 
to occur (126,173,228). In this situation an increase in 
crypt cell proliferation was observed (228,249), as was the 
case under a number of experimental circumstances in which 
the villus cell population was reduced (11,51,148,150,182, 
196,229). These findings support the hypothesis of a feed-
back control of crypt cell proliferation by the villus cell 
population. 
From the data presented in appendix publication III it 
appears that a feedback control mechanism of crypt cell 
proliferation would be of a local character. This view is 
also supported by the local response to intestinal damage 
after transplantation of an ileal segment to the abdominal 
surface (150). The absence of humoral factors in the feed-
back control mechanism was also substantiated by the finding 
that increased crypt cell proliferation during recovery 
after irradiation was only found in the irradiated partners 
of parabiotic pairs of rats (58). Luminal and/or functional 
factors do not influence the action of the feedback control 
mechanism as is shown by the results described in appendix 
publication V. 
From the studies on experimental by-pass of a_ jejunal 
segment and transposition of an ileal segment to proximal 
jejunum {appendix publications IV and VI), it appears that 
"adaptation" of the intestinal epithelium to an altered 
functional environment is primarily achieved by changes in 
the number of cells per crypt. A change in the size of the 
crypt, together with an unchanged relative size of the pro-
liferative cell compartment in the crypt, leads to an alte-
red crypt cell production. Consequently this resU:l ts in a 
change in the size of the functional villus cell compart-
ment, since important effects on the life span of the epi-
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thelial cells were not found. Also the number of- crypts per 
unit length of small intestine and the crypt-villus ratio 
remained unchanged after experimental by-pass. 
Epithelial cell maturation was investigated in the pre-
sent studies by determining enzyme activities in separated 
crypt and villus cell compartments during disturbances of 
epithelial cell renewal caused by X-irradiation or tempora-
ry ischemia, and during "adaptation" of the intestinal epi-
thelium to an altered luminal environment (see appendix pu-
blications II-VI) • 
In all instances, an increase in the relative size of 
the proliferative cell compartment in the crypt was accom-
panied by a decreased activity in the crypt of non-specific 
esterases. These enzymes are localized in the endoplasmic 
reticulum, dense bodies and perinuclear space, and become 
active during migration along the crypt (20,60,84). A de-
crease in esterase activity in the crypt was also reflected 
in a lower activity on the villus. During the enlargement 
of the proliferative crypt cell compartment after intesti-
nal ischemia also a decreased activity of neutral a-gluco-
sidase was observed. These findings support the view that 
crypt cell maturation is reduced when the proliferative 
crypt cell compartment has expanded (85). 
However, in the irradiation experiments the activity of 
those enzymes which are ma-inly localized on the microvilli 
and the activity of which is mainly found on the villus, 
such as alkaline phosphatase, neutral a-glucosidase and leu-
cine aminopeptidase (20,21,60,84,85), was not reduced du-
ring expansion of the proliferative cell compartment in the 
crypt. In earlier reports a decrease in alkaline phosphata-
se activity was found after irradiation (20,85), but in 
those studies enzyme activities were determined in proximal 
duodenum, while in the present investigations jejunum was 
studied. Also under other circumstances a different effect 
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was observed on the activity of alkaline phosphatase in 
various parts of the small intestine (50}. The different 
effects of disturbances of crypt cell proliferation on the 
crypt cell activities of those enzymes which are mainly 
developed on the villus are not understood. The existence 
of inactive precursor proteins of these enzymes in the 
crypt (234) may play a role, and quantitative data on the 
presence of these precursor proteins under altered crypt 
cell kinetics will contribute to a better understanding of 
crypt cell maturation. 
From the enzyme studies in by-passed jejunum and trans-
posed ileum it is clear that the 11 adaptation" of the intes-
tinal epithelium is solely caused by a change in the size 
of the functional villus cell compartment and not by chan-
ges in crypt cell maturation. This stresses once more the 
importance of cell kinetic studies of the intestinal epi-
thelium when investigating the response of the epithelium 
to various circumstances. 
Summarizing the data presented in this thesis it seems 
that at least two different control mechanisms of crypt 
cell proliferation exist in the epithelium of the small in-
testine. Firstly, the functional villus cell compartment 
regulates crypt cell proliferation by determining the rela-
tive size of the proliferative cell compartment in the 
crypt. A second control mechanism determines the number of 
cells per crypt, thus regulating crypt cell production and 
hence the size of the functional villus cell compartment. 
The former control mechanism responds almost immediately to 
disturbances of the intestinal epithelium. The latter 
brings about changes in epithelial cell kinetics only after 
7-14 days, which is a relatively long period considering 
the rapid renewal of the epithelium and the reason for this 
is at presently not understood. 
A feedback control mechanism of cell proliferation has 
34 
been proposed for a number of cell populations (25,100,120, 
184,252). In 1957 Weiss postulated that such a mechanism 
would act via substances produced by the functional cell 
compartment inhibiting cell proliferation in the precursor 
cell compartment (237). Already in 1937 a fraction was ex-
tracted from an adult tissue which inhibited cell prolife-
ration in the same tissue in vitro (214). Similar findings 
were subsequently reported for a large number of organs 
and tissues (24,112,203,204), and the putative inhibitory 
substance was called "chalone" (23). The so-called chalones 
from the various organs and tissues seem to present a bio-
chemically ill-defined and heterogenous group of substances 
(225). For rat small intestine a putative chalone-fraction 
was extracted from the crypt cells which holds up cells in 
the G2-phase of the generative cell cycle (230) . Such a 
substance, however, is unlikely to be involved in the feed-
back control of crypt cell proliferation, since it could 
not be detected in villus cells. Also, an inhibitor of cell 
proliferation acting on cells in the G1-phase seems more 
likely, especially since it has become clear that crypt 
cells will go through one extra cell cycle when the villus 
cell population is reduced. More recently, the existence of 
two chalone-like fractions affecting proliferating embryo-
nic intestinal cells in the G1- and G2-phase of the genera-
tive cell cycle was described for the newt (22). However, 
in addition to a more precise biochemical characterization, 
the biological activity of such "chalones" should be stu-
died in more detail in relation to tissue damage and tissue 
regeneration before any conclusions can be drawn concerning 
their physiological role. In the intestinal epithelium such 
studies will yield numerous problems, since the feedback 
control of crypt cell proliferation was found to be of a 
local character, and hence the action of "intestinal chalo-
nes" will accordingly be local. 
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The pathway along which substances produced by the vil-
lus cells would reach only crypts nearby could be the epi-
thelial layer itself or the mesenchymal component of the 
intestinal mucosa. Thus, in addition to the possibility 
that chalones may be involved in the feedback control of 
crypt cell proliferation, other factors, such as intercel-
lular communication in the epithelial layer (151) and the 
interaction between the epithelium and the mesenchyme, may 
play a role. Especially the possible role of the mucosal 
mesenchyme with its specific features deserves some atten-
tion. The intestinal mesenchyme seems to be very important 
in the morphogenesis of the intestinal tract epithelia 
(166,200). In adult animals each crypt in the intestine is 
surrounded by a continuous layer of subepithelial fibro-
blasts (155), which form "half-desmosomes" on the epithe-
lial side (185). The epithelial cells make contacts with 
the fibroblasts via cell processes penetrating the basement 
membrane, and this phenomenon has putatively been correla-
ted with crypt cell proliferation (158). The subepithelial 
fibroblasts proliferate along the lower part of the crypt, 
subsequently migrate to the villus to form a more scattered 
network, eventually reach the villus top at the same time 
as the epithelial cells, and degenerate (156). Since the 
basement membrane seems to be mainly synthesized by the 
epithelial cells (127), it seems likely that the epithelial 
cells, subepithelial fibroblasts and basement membrane "mi-
grate" together from the crypt base to the villus top. This 
is suggestive of some common control mechanism, and it may 
be worthwhile to investigate the cell kinetics of the sub-
epithelial fibroblasts in relation to the increased crypt 
cell proliferation after reduction of the villus cell popu-
lation to determine whether the fibroblasts may play a role 
in this response. 
In the studies on the influence of luminal factors lea-
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ding to a permanent local decrease or increase in crypt 
cell production not only the nature of the signal leading 
to changes in the crypt, but also the way in which the 
crypt cell population responds to such a signal is unknown. 
Also following partial resection of the small intestine and 
during lactation an increase in crypt cell production is 
achieved by an enlargement of the crypt without changes in 
the relative size of the proliferative cell compartment in 
the crypt (101,104,160). In these studies it was observed 
that some shortening of the generative cell cycle time 
occurs in the proliferating crypt cells (102,104,160). Some 
shortening of the generative cell cycle time in all proli-
ferating crypt cells could lead to an increase in the num-
ber of cells per crypt. However, it is also possible that 
the duration of the generative cell cycle of the cells in 
the bottom of the crypt, which is longer than that of the 
remaining crypt cells (1,33,248), is specifically shortened 
under these circumstances. These cells in the bottom of the 
crypt could constitute a functional stem cell compartment 
(133), yielding the different cell types of the intestinal 
epithelium (42), and may be the origin of the cells repopu-
lating the crypt and forming new crypts after severe damage 
of the crypt cell population (35,98,243,244). The existence 
of such a distinct crypt cell compartment with a different 
generative cell cycle time could also explain the variation 
found in the duration of the generative cell cycle as de-
termined by the fraction of labelled mitoses method (147, 
220) . 
However, variations in the duration of the generative 
cell cycle as well as changes in crypt cell production may 
also be explained by assuming a G0-state in the generative 
cell cycle (28). Such a G0-state (28,178) would constitute 
a separate "phase" in the G1-phase of the generative cell 
cycle, into which all cells enter following mitosis. This 
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G0-state may be identical with the proposed "A-state
11 
(217), "B compartment" ( 197), 11 dichophase 11 (24), and "Res-
triction point" (175) within the G1-phase. Cells would lea-
ve this phase to re-enter the G1-phase with an equal proba-
bility at any time interval at'ter entering the G0 -state 
(28,197,217). Consequently, the duration of the generative 
cell cycle and crypt cell production may be regulated by 
the control of the transition probability from G0 to G1 , 
and it has been found that factors influencing cell proli-
feration may do so by varying the transition probability 
(197,217). Thus a distinct functional stem cell compartment 
may not exist in the intestinal crypt, and stem cells, pro-
liferating cells and maturing non-proliferating cells may 
constitute a continuum of crypt cells in various stages of 
maturation (133). This continuum may be maintained by local 
factors influencing the transition probability from G0 to 
G1-phase. This G0 -G 1 transition may also constitute the 
point in the generative cell cycle where proliferating 
cells in the 11 critical decision zone 11 halfway the crypt 
(34,193) normally decide to stop cell proliferation, which 
would be initiated by local factors reducing the transition 
probability to zero. 
One may speculate at this point that crypt cell proli-
feration is regulated by the interaction of a number of in-
hibiting and stimulating factors from different origins, 
which results in a locally determined transition probabili-
ty from G0-state to G1-phase in various parts of the crypt. 
Such a model for the regulation of crypt cell proliferation 
resembles the positional information theory for cell diffe-
rentiation as proposed by Wolpert (245). The number of sys-
temic factors influencing crypt cell proliferation may be 
very large, but the apparently local character of the con-
trol of crypt cell proliferation suggests a specific role 
for local factors, such as chalones, local hormones and 
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mesenchymal factors. Also the rate of the inteStinal muco-
sal blood flow, which shows large specific variations (69, 
153,154) and which seems to be extremely well regulated 
(118,153), may play an important role. This is suggested by 
the finding of a systemic enlargement of the intestinal 
epithelial cell population after partial resection of the 
intestine (103), which may be caused by an increased blood 
flow through the remaining intestine (101,103,227). 
In the study on cell proliferation much information has 
been obtained from experiments in vitro. Besides intracel-
lular factors controlling DNA synthesis and mitosis (12,13, 
93,194), a number of extracellular factors has been descri-
bed to affect cell proliferation. Various factors have been 
extracted from serum stimulating cell proliferation in 
vitro (76,109,111,113,195) 1 and these may resemble the 
"growth factors" which have been described for a number of 
cell populations (43,49 1 90 1 91,108,109,124). Experimental 
work in vivo has also shown that a number of stimulating 
factors may be involved in the regulation of blood cell 
production, of which erythropoietin is well documented by 
now (130}. The cell surface, which has been described as a 
fluid structure in which movements of specific proteins may 
occur (215) 1 may also play an important role in the regula-
tion of cell proliferation by the interaction of the cell 
with its environment (65,157,176,177}. Also proteases, cal-
cium ions, cyclic nucleotides, and microtubuli have been 
mentioned to take part in the interaction of the cell with 
its environment in the regulation of cell proliferation 
(15,65,76,177,223,239). 
Almost every report on the influence of various factors 
on cell proliferation in vitro is accompanied by a theory 
for the regulation of cell proliferation and the origin of 
uncontrolled cell proliferation. However, the majority of 
the reports on in vitro cell proliferation deal with un-
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physiological stimuli of cell proliferation under unphysio-
logical conditions in cell populations which are normally 
not involved in continuous cell proliferation in vivo. 
Therefore a better understanding is primarily needed of the 
control mechanisms of cell proliferation in vivo in cell 
populations which undergo a continuous cell renewal. The 
investigations described in this thesis on the control of 
cell proliferation in the small intestinal epithelium con-
stitute an attempt to provide more insight into such con-
trol mechanisms. 
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SUMMARY 
In the so-called "cell renewing systems" in the adult 
organism, such as the epidermis, the epithelia of the diges-
tive tract, the testis and the blood-forming tissues, con-
tinuous cell loss is balanced by cell production. Normally 
there is an exact balance between cell loss and cell pro-
duction, while enough flexibility exists to cope with small 
perturbations. Although much information has been obtained 
on the cellular kinetics of the various cell renewing sys-
tems, little is known about the regulatory mechanisms which 
are involved in cell proliferation and cell maturation. 
Knowledge of such control mechanisms will also contribute 
to a better understanding of the conditions which lead to 
unbalanced cell proliferation. 
In the study of such control mechanisms the small in-
testinal epithelium offers a number of advantages. The va-
rious stages of cell proliferation and cell maturation may 
be exactly localized along crypt and villus. This facilita-
tes both cell kinetic studies and biochemical analyses of 
maturing and functional cells. Furthermore, the short turn-
over time of the epithelium, which is approximately 70 hours 
in the rat, allows a rapid and exact determination of the 
effect of different experimental conditions on cell proli-
feration and cell maturation. 
In the proliterative cell compartment, which is located 
in the lower half of the crypt, all columnar absorptive 
cells are engaged in continuous cell proliferation with a 
mean generative cell cycle time of 12 hours. Halfway the 
crypt the epithelial cells stop proliferating and subse-
quently migrate along the maturation cell compartment in 
the upper half of the crypt to reach the villus after ap-
pro:ximately 12 hours. On the villus the epithelial cells 
are actively involved in intestinal function for approxima-
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tely 30 hours, during which period they migrate to the vil-
lus top to be extruded into the lumen. In order to perform 
its various intestinal functions the epithelial cell has to 
acquire a number of specific structural and biochemical 
properties. Some of these gradually appear during cell ma-
turation in the crypt, whereas other cell characteristics 
appear more suddenly on the crypt-villus junction. 
A few years ago our group postulated the existence of a 
feedback control of crypt cell proliferation by the func-
tional villus cell compartment. Indications for such a con-
trol mechanism were obtained from comparative studies on 
the recovery of the intestinal epithelium following low do-
ses of X-irradiation in normal and germfree rats. A relati-
vely low dose of X-irradiation causes a temporary block in 
the G1- and G2-phase of the generative cell cycle. Subse-
quently many abortive mitoses occur, and the crypt cell po-
pulation is reduced. The resulting decrease in crypt cell 
production leads to a reduction of the villus cell popula-
tion. The recovery of the crypt cell population is accompa-
nied by an overshoot in proliferative activity, which is 
mainly due to an expansion of the proliferative cell com-
partment in the crypt. In comparative studies on normal and 
germfree rats a relationship was found between the overshoot 
in proliferative activity and the reduction of the villus 
cell population. 
Appendix publication I shows that the recovery of the 
villus cell population following X-irradiation is not to be 
attributed to any changes in the life span of the epithe-
lial cells and hence depends on crypt cell production only. 
The life span of the epithelial cells was found to be inde-
pendent of villus size. In the same studies it was also ob-
served that the overshoot in crypt cell proliferation fol-
lowing 300R or 700R X-irradiation occurs after the same in-
terval and independently of the degree of initial damage to 
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the crypt cell population. The hypothesis of a feedback 
control of crypt cell proliferation by the villus cell com-
partment was supported by the finding of an inverse rela-
tionship between the number of villus cells and the proli-
ferative activity in the crypt during the recovery period 
after different doses of X-irradiation. 
Also during continuous irradiation a decrease in the 
number of villus cells occurs, whereas the crypt cell popu-
lation is reduced to a much lesser degree (see appendix 
publication II). No increase was found in the percentage of 
proliferating crypt cells during continuous irradiation. 
Yet, an enlargement of the relative size of the prolifera-
tive cell compartment in the crypt did occur. These findings 
indicate that a reduction of the villus cell population is 
accompanied by an expansion of the proliferative crypt cell 
compartment, irrespective of the total proliferative acti-
vity. 
A more direct experimental approach to test the hypo-
thesis of a feedback control of crypt cell proliferation is 
described in appendix publication III. Temporary intestinal 
ischemia resulted in a selective reduction of the villus 
cell population without apparent effects on the crypt cell 
compartment. Within 8 hours after reduction of the villus 
cell population the proliferative activity markedly increa-
sed, which was mainly due to an expansion of the prolifera-
tive cell compartment in the crypt. By investigating the 
effect of villus cell loss in part of the intestine on the 
proliferative activity in adjacent normal parts of the 
small intestine it was demonstrated that the feedback con-
trol of crypt cell proliferation is a strictly local mecha-
nism. 
In appendix publication V the recovery of the intesti-
nal epithelium after X-irradiation was studied in a by-
passed jejunal segment. The results show that changes in 
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luminal and/or functional factors do not influence the 
feedback control mechanism of crypt cell proliferation. 
A different approach in the study on the regulation of 
crypt cell proliferation is presented in appendix publica-
tions IV and VI, in which the influence of changes in the 
functional environment of an intestinal segment on epithe-
lial cell kinetics and cell maturation is described. 
After experimental by-pass of a jejunal segment a perma-
nent decrease in the number of villus cells was found (see 
appendix publication IV). This was caused by a decrease in 
crypt cell production, which was the consequence of a de-
crease in the number of cells per crypt. The relative size 
of the proliferative cell compartment remained unchanged, 
and the same was true for the number of crypts per unit 
length of small intestine and for the crypt-villus ratio. 
The "adaptation" of the jejunal epithelium to the altered 
luminal environment occurred after 7-14 days, and subse-
quently no further changes were observed up to 1 year after 
surgery. 
In the experiments described in appendix publioation VI 
an ileal segment was transposed to proximal jejunum to elu-
cidate further the influence of the luminal environment. 
The number of villus cells in the transposed ileal segment 
was found to increase after 7-14 days to reach values iden-
tical to those in jejunum after 14-30 days. This enlargement 
of the villus cell population was caused by an increase in 
crypt cell production. The latter was the result of an in-
crease in the number of cells per crypt without any changes 
in the relative size of the proliferative crypt cell com-
partment. Again, the "adaptive" changes in the intestinal 
epithelium occurred after 7-14 days. 
From the experimental data described in appendix publi-
oations IV and VI it appears that 11 adaptation" of the small 
intestinal epithelium to an altered functional environment 
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consists of a change in the size of the crypt, which in-
fluences the size of the functional villus cell population. 
In the experiments described in appendix publications 
II-VI epithelial cell maturation was studied by determining 
the activity of a number of enzymes involved in intestinal 
function. MicrochBmical enzyme assays were performed on se-
parated crypt and villus cell compartments after experimen-
tal changes in cellular kinetics or functional environment. 
Expansion of the proliferative crypt cell compartment was 
found to be consistently accompanied by a decrease in the 
activity of non-specific esterases in crypt and villus. Fol-
lowing temporary intestinal ischemia a decrease was also 
observed in the activity of neutral a-glucosidase. These 
findings suggest that at least some aspects of crypt cell 
maturation are impaired during expansion of the prolifera-
tive crypt cell compartment. However, the activity of a 
number of enzymes which are predominantly active in villus 
cells was not reduced during recovery after irradiation. On 
the contrary, an increase in activity was found during the 
first two days after irradiation and during continuous ir-
radiation, which might be related to a prolongation of the 
generative cell cycle. 
After by-pass or transposition of an intestinal segment 
no 11 adaptive" changes in enzyme activities occurred. It 
seems that the development of intestinal enzyme activities 
is "programmed" in the crypt cell and is not influenced by 
the functional environment. A similar situation seems to 
exist for the life span of the epithelial cells~ 
The experimental data described in this thesis suggest 
the existence of at least two different control mechanisms 
regulating crypt cell proliferation. The relative size of 
the proliferative cell compartment seems to be determined 
by the villus cell population by means of a feedback mecha-
nism. Changes in luminal and/or functional factors seem to 
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act on the intestinal epithelium by varying the size of the 
crypt. The way in which these control mechanisms may act on 
the crypt cells is considered .in more de.tail in the general 
discussion. 
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SAMENVATTING 
In het volwassen organisme vindt een voortdurende cel-
proliferatie plaats in z.g. "cell renewing11 systemen, 
d.w.z. in celpopulaties waarin een dynamisch evenwicht be-
staat tussen celproduktie en celverlies. Voorbeelden van 
dergelijke celpopulaties zijn de epidermis, de epithelia 
van het spijsverteringskanaal, de testis en de bloedvorrnen-
de weefsels. Norrnaliter is er in deze systemen een even-
wicht tussen celaanrnaak en celverlies, terwijl de regulatie 
toch flexibel genoeg is om niet al te grate verstoringen 
van dit evenwicht het hoofd te kunnen bieden. Hoewel er 
veel vooruitgang is geboekt bij het onderzoek naar de cel-
proliferatie in verschillende celpopulaties onder diverse 
omstandigheden, is er nog weinig bekend van de rnechanismen 
die verantwoordelijk zijn voor de regulatie van celprolife-
ratie. Kennis van deze regulatiemechanismen is ook essen-
tieel voor een beter begrip van de achtergronden van de on-
gekontroleerde celproliferatie in turnoren van deze weefsels. 
Het epitheel dat de dunne darrn bekleedt is bijzonder 
geschikt als model om regulatiemechanismen van celprolifera-
tie in een "cell renewing" systeem te onderzoeken. De ver-
schillende stadia van celproliferatie en celrnaturatie zijn 
duidelijk te lokaliseren langs krypt en villus, hetgeen het 
onderzoek naar de celkinetiek vergernakkelijkt. Bovendien 
kan d. rn. v. mikrochemische analyse van de verschillende cel-
kompartimenten de celmaturatie onderzocht worden. Voorts 
vormt het dunne darmepitheel de celpopulatie in het orga-
nisme die zich het snelst vernieuwt: in de rat wordt het 
gehele epitheel in ongeveer 70 uur vervangen. Dit maakt het 
mogelijk om het effekt van verschillende experimentele pro-
cedures op de celkinetiek nauwkeurig te bepalen binnen een 
kort tijdsbestek. 
In de onderste helft van de krypt 1 het proliferatieve 
65 
celkornpartiment, nemen alle voorstadia van de absorptieve 
epitheelcel deel aan de celproliferatie, waarbij de gemid-
delde duur van de celcyclus ongeveer 12 uur is. Vanuit dit 
celkompartiment schuiven de cellen langs het bovendeel van 
de krypt, waar geen celproliferatie plaatsvindt, in onge-
veer 12 uur op naar de villus. Vanaf dit ogenblik worden de 
epitheelcellen aktief betrokken bij de darrnfunktie. In on-
geveer 30 uur schuiven de cellen langs de villus op naar de 
villustop waar de epitheelcellen worden afgestoten in het 
darmlumen. 
Het belangrijkste doel van de in dit proefschrift be-
schreven experirnenten was- na te gaan welke rnechanisrnen be-
trokken zijn bij de regulatie van de celproliferatie in het 
epitheel van de dunne darrn. Bovendien werd aandacht besteed 
aan de invloed van veranderingen in de celkinetiek op be-
paalde aspekten van de celmaturatie, en daarmee indirekt op 
de darmfunktie. 
Door bestudering van het herstel van het dunne darrnepi-
theel na een subletale dosis rontgenbestraling bij gewone 
en kiemvrije ratten werden al eerder aanwijzingen verkregen 
voor het bestaan van een feedback regulatie van de krypt-
celproliferatie door het funktionele villuscelkornpartiment. 
Een relatief lage stralingsdosis blokkeert tijdelijk de de-
lende kryptcellen in de G1- en G2-fase van de celcyclus. 
Vervolgens wordt een groot aantal z.g. abortieve celdelin-
gen waargenomen, en de kryptcelpopulatie wordt gereduceerd. 
De verrninderde celaanmaak in de krypt leidt tot een sterke 
reduktie van het villuscelkornpartiment 36-48 uur na bestra-
ling. Vervolgens vindt een herstel plaats van de kryptcel-
populatie, waarbij de proliferatieve aktiviteit in de krypt 
tijdelijk de normale waarden overtreft. Gebleken is dat 
deze "overshoot" voornamelijk berust op een uitbreiding van 
het proliferatieve celkompartiment in de krypt. 
De gegevens beschreven in publikatie I van de appendix 
66 
tonen aan dat het snelle herstel van de villuscelpopulatie 
na een eenrnalige bestralingsdosis het gevolg is van de toe-
genomen proliferatieve aktiviteit en dat er geen verande-
ring plaatsvindt in de levensduur van de epitheelcellen. 
Een verkorting van de villus bleek niet samen te hangen met 
een verkorte levensduur van de epitheelcel, maar met een 
verrninderde migratiesnelheid. Voorts bleek dat de "over-
shoot" van de celproliferatie in de krypt tijdens het her-
stel na bestraling onafhankelijk is van de grootte van de 
initiele schade die toegebracht wordt aan de kryptcelpopu-
latie. Wel was er een orngekeerd evenredige verhouding tus-
sen het aantal villuscellen en de proliferatieve aktiviteit 
in de krypt. Dit ondersteunt de hypotese dat het funktione-
le villuscelkornpartiment betrokken is bij de regulatie van 
de celproliferatie in de krypt. 
Publikatie II van de appendix beschrijft dat er ook 
tijdens kontinue bestraling gedurende enige dagen een afna-
me van het aantal villuscellen plaatsvondu terwijl het aan-
tal kryptcellen in veel rnindere mate gereduceerd werd. Tij-
dens de kontinue bestraling werd geen toename van het per-
centage delende cellen in de krypt waargenomen, maar wel 
was er een uitbreiding van het proliferatieve celkomparti-
ment in de krypt. Ook deze gegevens wijzen erop dat een re-
duktie van het aantal villuscellen leidt tot een uitbrei-
ding van het proliferatieve celkompartirnent in de krypt, 
ongeacht de totale proliferatieve aktiviteit in de krypt. 
Verdere aanwijzingen voor de hypotese dat de villuscel-
populatie de celproliferatie in de krypt reguleert d.m.v. 
een terugkoppelingsmechanisme werden verkregen door de in 
publikatie III van de appendix beschreven experimenten. 
Hierbij gelukte het om d.m.v. tijdelijke ischemie van de 
dunne darm specifiek de villuscelpopulatie te verkleinen 
zonder duidelijke schade toe te brengen aan de kryptcelpo-
pulatie. Binnen 8 uur na de tijdelijke isc~ernie nam de pro-
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liferatieve aktiviteit in de krypt sterk toe, hetgeen voor-
namelijk berustte op een uitbreiding van het proliferatieve 
celkornpartiment in de krypt. Tevens werd aangetoond dat de 
feedback regulatie van de kryptcelproliferatie van lokale 
aard is, aangezien reduktie van de villuscelpopulatie in 
een deel van de dunne darm geen effekt heeft op de prolife-
ratie in een aangrenzend darmdeel. 
Door onderzoek van het herstel van het dunne darrnepi-
theel na bestraling in een funktioneel uitgeschakelde jeju-
nurnlis werd verder aangetoond dat luminale en/of funktione-
le faktoren geen rol spelen bij de lokale regulatie van de 
kryptcelproliferatie door het villuscelkornpartirnent (zie 
publikatie V van de appendix). 
Een permanente vergroting of verkleining van de villus-
celpopulatie in een deel van de dunne darm kan worden te-
weeggebracht door langs chirurgische weg een darmlis funk-
tioneel uit te schakelen of te verplaatsen naar een ander 
deel van de dunne darm. Om te onderzoeken of een regulatie-
mechanisme van kryptcelproliferatie ten grondslag ligt aan 
deze veranderingen in de villuscelpopulatie werd onderzocht 
op welke wijze de "adaptatie" plaatsvindt. 
Zoals beschreven is in publikatie IV van de appendix 
vindt er een afname plaats van het aantal villuscellen na 
het funktioneel uitschakelen van een jejunumlis. Deze ver-
kleining van het villuscelkornpartiment werd veroorzaakt 
door een verminderde celproduktie in de krypt. Dit bleek 
het gevolg te zijn van een afname van het aantal cellen per 
krypt, terwijl de relatieve grootte van het proliferatieve 
celkompartiment in de krypt niet veranderde. Ook het aantal 
krypten per lengte-eenheid dunne darm en het aantal krypten 
per villus bleef onveranderd. De gevonden veranderingen in 
het funktioneel uitgeschakelde jejunumepitheel traden op na 
1-2 weken en vervolgens werden geen veranderingen rneer waar-
genornen tot 1 jaar na de chirurgische ingreep. 
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De in publikatie VI van de appendix beschreven experi-
menten tonen aan dat het aantal villuscellen toeneemt in 
een ileumlis na transpositie naar proximaal jejunum. Deze 
toenarne van het aantal villuscellen, waarbij het aantal 
cellen per villuskolom in de ileumlis gelijk wordt aan dat 
in het jejunum 1 komt tot stand door een vergroting van de 
celproduktie in de krypt. De toegenornen kryptcelproduktie 
bleek het gevolg te zijn van een toenarne van het aantal 
cellen per krypt, waarbij de relatieve grootte van het pro-
liferatieve celkompartiment in de krypt niet veranderde. 
Ook na transpositie van een ileumlis naar jejunum traden de 
beschreven veranderingen pas op 1-2 weken na de operatie. 
Uit de in publikaties IV en VI van de appendix beschre-
ven experimenten blijkt dat de "adaptatie" van het dunne 
darmepitheel aan een verandering in het funktionele milieu 
prirnair tot stand kornt door een verandering in de grootte 
van de kryptcelpopulatie, wat sekundair de villusgrootte 
beinvloedt. 
Bij de experirnenten beschreven in de publikaties II-VI 
van de appendix werd tevens de ontwikkeling bestudeerd van 
een aantal enzymen die betrokken zijn bij de funktie van 
het darmepitheel. Een verlaging in aktiviteit van de niet-
specifieke esterasen in de krypt werd voortdurend gevonden 
bij uitbreiding van het proliferatieve kryptcelkompartiment 
tijdens herstel na bestraling of tijdelijke ischernie. Na 
tijdelijke ischemie trad er eveneens een verlaging op in de 
aktiviteit van neutrale a-glucosidase. Dit suggereert dat 
een vergroting van de proliferatieve aktiviteit in de krypt 
ten koste gaat van de ontwikkeling van bepaalde biochemische 
kenmerken van het darmepitheel. De aktiviteit van een aan-
tal enzymen die norrnaliter voornarnelijk in de villuscel 
voorkornen bleek echter niet verlaagd te zijn na bestraling. 
Integendeel, een toenarne in aktiviteit werd in de krypt ge-
vonden op de eerste dag na een akute bestralingsdosis en 
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tijdens kontinue bestraling, welke toename mogelijk samen-
hangt met een verlenging van de celcyclus. 
Uit de bepaling van enzymaktiviteiten na het funktio-
neel uitschakelen van een jejunumlis en na transpositie van 
een ileumlis naar jejunum bleek dat de "adaptatie" van het 
epitheel niet gepaard gaat met een verandering in aktivi-
teit van een aantal enzymen die betrokken zijn bij de darrn-
funktie. Het lijkt erop dat de celmaturatie niet of nauwe-
lijks beinvloed wordt door het funktionele milieu. Evenals 
de levensduur lijkt ook de ontwikkeling van bepaalde enzym-
aktiviteiten reeds in de kryptcel "vastgelegd" te zijn. 
De in dit proefschrift beschreven experimenten wijzen 
erop dat de kryptcelproliferatie in het dunne darmepitheel 
langs tenminste twee verschillende wegen gereguleerd wordt. 
Enerzijds reguleert de villuscelpopulatie de relatieve 
grootte van het proliferatieve celkompartiment in de krypt, 
terwijl anderzijds de grootte van de krypt, op nog onbeken-
de wijze, gereguleerd wordt. In de algemene diskussie wordt 
nader ingegaan op deze regulatiemechanismen en op de rnoge-
lijke faktoren die hierbij betrokken zijn. 
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ABSTRACT 
For the interpretation of data supporting the hypothesis of a feedback regulation 
of proliferative activity in intestinal crypts by the functional villus cell compartment 
the life span and migration rate of epithelial cells on villi of experimentally reduced 
length should be known. Autoradiographic studies and scintillation counting of 
isolated villi at different time intervals after 3 H-thymidine labelling were carried 
out 36, 48 and 60 hr intervals after X-irradiation. The results showed that the life 
span of epithelial cells in rat small intestine (36-48 hr) is independent of the villus 
length. In villi of reduced length the migration rate of the epithelial cells was found 
to be decreased compared with controls. Changes in the migration rate in turn seem 
to be dependent on the production of epithelial cells in the crypt. Comparative 
studies on the recovery of crypt and villus epithelium after various doses (300 and 
700 R) of X-radiation support the hypothesis that increased proliferative activity 
in the crypt cell compartment is related to a reduction of the number of functional 
villus cells below a critical villus length. The importance of these findings in the 
interpretation of data on (micro) biochemical analyses of certain cell differentiation 
characteristics during increased proliferative activity is discussed. 
INTRODUCTION 
For a number of cell renewal systems a feedback control of cell proliferation by the functional 
cell compartment has been described (Bullough eta/., 1967; Elgjo, Laerum & Edgehill, 1972; 
Hanna, 1967; Iversen, 1969; Kivilaakso & Rytilmaa, 1971; Rytomaa & Kiviniemi, 1968). 
By comparing the recovery of small intestinal epithelium after low doses ofX-radiation in 
conventional and germfree rats, support was obtained for the hypothesis that also in small 
intestinal epithelium a feedback control of proliferative activity exists (Galjaard, van der 
Meer-Fieggen & Giessen, 1972a). 
These experiments showed that following irradiation an increase in proliferative activity in 
the crypt occurs after a time interval corresponding to the life span of the epithelial cells in 
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non-irradiated control animals. This was the fact both for conventional and germfree rats 
even if the life span of epithelial cells in conventional rats was 12 hr shorter than in germfree 
rats. 
However, during recovery after irradiation, the number of villus cells is still markedly 
reduced at the time of increased proliferative activity in the crypt (Quastler, 1956; Galjaard 
eta/., !972a). 
For a correct interpretation of experimental results on the relation between functional 
villus cells and crypt cell proliferation it is therefore important to know what influence the 
number of villus cells exerts on the migration rate and life span of these cells. Such data are 
also relevant for a better understanding of studies on crypt and villus cell differentiation. 
Microchemical analyses of isolated cell compartments in crypt and villus during recovery 
after irradiation showed that an increase in the proliferative activity in the crypt is accom-
panied by insufficient development of certain differentiation characteristics of the epithelial 
cells (Galjaard & Bootsma, 1969; Galjaard eta/., 1972a; Galjaard, van der Meer-Fieggen & 
de Both, 1972b; de Both et a/., 1974). Changes in migration rate and life span of the epithelial 
cells after irradiation might influence the maturation of crypt cells and villus cells. 
The purpose of the present study_ was to investigate possible effects of a reduction in the 
number of villus cells on the migr~tion rate and life span of these cells. Furthermore, a study 
was made oft he recovery of rat intestinal epithelium, following different doses ofX-radiation 
with special emphasis on the relation between reduction in number of villus cells and the 
occurrence of increased cell proliferation in the crypt. 
MATERIALS AND METHODS 
Male Glaxo-Wistar rats, weighing approximately 250 g, were used and all animals were 
sacrificed between 09.00 and 10.00 hours throughout the experiments. 
Estimation of life span 
Thirty animals were exposed to 700 R whole-body X-radiation from a Philips X-ray 
machine (18 rnA, 200 V, 1·5 mm corrected Cu filter, H.V.L. 1·9 mm Cu, dose rate 46 Rjmin). 
Three groups of ten rats were injected intraperitoneally with 100 11Ci 3H-thymidine (spec. 
act. 20·4 Ci/mmole) at 36, 48 and 60 hr respectively after irradiation, together with a control 
group of ten non-irradiated rats. Segments of small intestine (8 em from the pylorus) were 
dissected from two rats from each group at t, 12, 24, 36 and 48 hr after labelling. After 
fixation in 4% formalin, paraffin sections (5 J.lffi) were processed for dipping autoradio-
graphy using llford K-2 emulsion. After haematoxylin and eosin staining the microscopic 
localization of the leading edge of labelled cells along crypt and villus columns and the total 
number of cells per crypt and villus column were determined. For each rat analyses were 
carried out in 100 crypt and villus columns; only crypt-villus columns with a single epithelial 
cell layer and cut longitudinally from the muscularis mucosae to the intact tip of the villus 
were selected. From the results of these analyses the cell migration rate and minima] life span 
of the epithelial cells was derived. For an estimation oft he maximum life span twelve animals 
were also exposed to 700 R whole-body X-irr_adiation. Three groups of four rats were injected 
intraperitoneally with !00 11Ci 'H-thymidine (spec. act. 20·4 Cijmmole) at 36, 48 and 60 hr 
respectively after irradiation. From each group two rats were sacrificed at 36 hr and two rats 
at 48 hr after labelling. Segments of small intestine (8 em from the pylorus) were frozen 
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quickly (-70oC) and cryostat sections (20 ,um) were freeze-dried in vacuo. From the lyophillized 
sections villi were dissected under the microscope and the segments were weighed on a quartz-
fibre balance according to procedures described previously (Galjaard, Van Duuren & 
Giesen, 1970). Subsequently 50-100 ,ug of isolated villus material was introduced into a 
scintillation vial, dissolved in soluene overnight, then 15 ml of scintillation mixture (5 g PPO 
plus 0·5 gPO POP per litre of toluene) was added. Two samples per rat were counted in a 
liquid scintillation spectrometer (Packard), and the results were expressed as number of 
disintegrations per minute per unit dry weight of villus. 
R.ecovery from d~fferent doses of X-radiation 
Eighteen animals were exposed to whole-body X-radiation with 700 R and two animals 
were killed atfer intervals of 24, 36, 48, 60, 72, 84, 96, 120 and 168 hr. Ten animals were 
exposed to whole-body X-radiation with 300 Rand two animals were killed at 24, 36, 48, 72 
and 168 hr after irradiation. All animals were injected intraperitoneally, with 100 ,uCi 3H-
thymidine (spec. act. 2 Ci/mmole) 30 min before killing. Ten to twenty non-irradiated animals 
were also labelled with 3H-thymidine in the sample. From each animal segments of small 
intestine (8 em from the pylorus) were fixed in 4% formalin, and paraffin sections (5 ,urn) were 
processed for dipping autoradiography. After haematoxylin and eosin staining, the number 
of cells per crypt and villus column and the percentages of labelled cells per crypt column 
were determined. For each animal 100 longitudinally cut crypt and villus columns were 
analysed. 
RESULTS 
Migration of epithelial cells along crypt and villus 
The migration of epithelial cells along the length of crypt and villus was studied at various 
time intervals after 700 R X-radiation. The localization of the leading edge oflabelled cells, 
at-!;, 12, 24 and 36 hr after 'H-thymidine labelling, is illustrated for different time intervals 
after irradiation and in non-irradiated control animals (Fig. I). 
In the non-irradiated control animals the non-dividing maturing crypt cells migrate 
during 12 hr along the upper half of the crypt, 24 hr after labelling cells are midway the villus 
and at 36 hr only the upper twelve cell positions of the villus are not yet labelled. After 48 hr 
all villus tips are covered with labelled cells. 
In the group labelled at 36 and 48 hr after 700 R X-radiation the crypt cells also migrate 
onto the base of the villus within 12 hr, although the distance to be covered is smaller because 
of an extension of the proliferative cell compartment. Subsequently the migration rate along 
the villus is reduced compared with that in non-irradiated controls (Fig. I and Table 1). 
At 36 hr after labelling the leading edge oflabelled cells has not reached the villus tip, although 
the villus length is markedly reduced. In the group labelled at 60 hr after irradiation the 
migration rate approaches the range of control values (Table I) and again at 36 hr after 
labelling the villus tip is not yet covered by labelled cells (Fig. I). At all time intervals after 
irradiation labelled cells are found at the tips of the villi at 48 hr after labelling. 
Estimation of the life span of intestinal epithelial cells 
The minimum l(fe span of the epithelial cells can be derived from the analysis of the radio-
autographs (Fig. 1). Both in the non-irradiated control and at all time intervals after 
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FIG. 1. Cell migration in intestinal epithelium at various time intervals after X-irradiation with 
700 R as studied by autoradiography. The histograms show the mean height of the villus and 
the position of the villus--crypt junctions at various times after irradiation. The leading edge of 
labelled cells was studied after injection of3H-thymidine 36 hr (o), 48 hr (A) and 60 hr (Ill) after 
irradiation. The movement of this leading edge is also shown on the control histogram. The mean 
values of two animals and 100 analyses from different tissue sections per animal are presented 
for each time interval. The standard deviation for the cell position of the leading edge was four 
to seven cell positions. The standard deviations for the number of crypt and villus cells are 
indicated for the controls; detailed data are given in Table 3. 
TABLE 1. Migration rate* of epithelial cells on the villus of normal rat small 
intestine and at different time intervals after X~radiation with 700 R 1 
Time interval Time interval between X~radiation and labelling 
after labelling Control 36 hr 48 hr 60 hr 
12 hr} 2·0 0·6 1·2 2·0 
24hr} 
36 hr 2·9 1·4 1·3 2·0 
* Migration rate is expressed as cell position per hour. 
irradiation, the minimum life span of the epithelial cells was found to be more than 36 hr, 
independent of the villus length. 
The finding oflabelled cells at the tips of the villi at 48 hr after labelling does not necessarily 
imply that these cells are extruded immediately after reaching the tip of the villus. By quanti-
tative measurements of the radioactivity, at different time intervals after pulse labelling with 
3 H-thymidine, it was tested whether a reduction in radioactivity, as expressed per unit weight 
of villus material, occurs. Series of animals were labelled at 36,48 and 60 hr after X-irradiation. 
At 36 and 48 hr after 3 H-thymidine labelling cryostat sections from small intestine were 
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freeze-dried, villi were dissected and the dry weight of the pooled fragments was determined. 
The results of scintillation counting for the three series of irradiated animals are presented in 
Table 2. Although during the period of investigation labelled crypt cells still migrate onto the 
villus, the amount of radioactivity per unit weight of villus decreases between 36 and 48 hr 
after labelling. This is the fact at all three time intervals after 700 R X-radiation, and hence it 
seems that, independently of the villus length, the maximum life span of the epithelial cells is 
less than 48 hr. 
TABLE 2. Radioactivity* of isolated villi after 
3H~thymidine labelling at various time intervals 
after X~radiation (700 R) 
Time interval between 
X-radiation and labelling 
36 hr 
48 hr 
60 hr 
Time interval after labelling 
36 hr 48 hr 
7200 ± 1000 6400 ± 500 
10200 ± 1800 6500 + 100 
22500 ± 1200 13700 ± 1000 
Results are the mean of duplicate analyses from pooled 
villus cell material for two animals per time intervaL 
* Radioactivity is expressed as d. p.m. per mg dry weight 
of isolated villi. 
Effect of reduction in the number of crypt and villus cells on proliferative activity 
Relatively low doses of X-radiation cause a temporary reduction in production of crypt 
cells which is reflected in a decreased number of crypt cells and functional villus cells. During 
the recovery period the proliferative activity in the crypt increases again and even exceeds 
normal values. As the reduction in crypt and villus size will be dependent on the radiation 
dose, the effect of two different doses ofX-radiation on the proliferative activity was studied. 
For a number of animals at various time intervals (24-168 hr) after 300 and 700 R of X-
radiation the proliferative activity in the crypt was analysed by de!ermining the percentages 
of labelled cells in radioautographs 30 min after pulse labelling with 3H-thymidine. These 
results and those of counting of the numbers of crypt and villus cells per longitudinally cut 
column are given in Table 3. After irradiation with 300 R the length of the crypt hardly 
decreases and recovery is already completed at 60-72 hr after irradiation. 
Irradiation with 700 R, however, results in a considerable decrease in the number of crypt 
cells during the period of 24-72 hr after irradiation. It takes about 84 hr before the crypt 
length is normalized. In contrast to the reduction of the crypt length, the decrease in the 
number of villus cells is approximately the same after irradiation with 300 R and 700 R 
during the first 48 hr (Table 3). The subsequent recovery of the villus occurs earlier after 300 R 
than after 700 R irradiation. 
After 700 R a minimum villus length (about 50% of normal) is present from 48 to 84 hr 
after irradiation, and it takes about 5 days before a normal villus length ]s restored. After 
300 R the villus length is minimal at 48-60 hr after irradiation and recovery takes place 
between 60 and 72 hr. 
Both radiation doses result in an initial decrease of the percentages of labelled cells per 
crypt column al I day after irradiation (Table 3), whereas at 48 hr, bothafler 300 Rand 700 R, 
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TABLE 3. Relationship between proliferative activity in the crypt and 
reduction in number of crypt and villus cells after X-irradiation* 
No. of cells per column %labelled 
Hours after Crypt Villus crypt cells 
irradiation 300R 700R 300R 700 R 300 R 700 R 
Control 32 ± 2 32 ± 1 75 ± 6 75 ± 6 30 ± 6 27 ± 8 
24 27 ± 2 19 72 ± 6 80 20 ± 6 12 ± 6 
36 27 ± 2 15 64 ± 5 60 28 ± 8 22 ± 11 
48 29 ± 2 14 ± 2 50 ± 4 45 ± 5 43 ± 8 47 ± 21 
60 19 ± 2 35 ± 4 52± 18 
72 33 ± 2 22 ± 2 62 ± 4 40 ± 4 37 ± 8 54± 14 
84 32 ± 2 40 ± 4 50± 14 
96 33 ± 2 65 ± 4 44 ± 14 
120 33 75 32 ± 10 
168 32 ± 2 32 ± 2 75 ± 5 75 ± 5 31 ± 6 35 ± 8 
*Mean values a·.1d standard devia .ions from two animals and 100 crypt 
and villus column_; from different S'.ctions per animal for each interval are 
presented. Contr Jl values are deri·.ted from ten to twenty animals. 
the percentage of labelled crypt cells shov s a considerable overshoot. After 300 R the pro-
liferative activity in the crypt decreases again between 48 and 72 hr. After 700 R high values 
of the labelling index are observed during the whole period of 48-96 hr after irradiation and a 
gradual decrease to normal values occurs during the following days. 
These results suggest thEt the initial reduction of crypt cells as well as the subsequent 
recovery of the crypt are dependent of the radiation dose. The initial decrease in the number 
of villus cells, however, shows similar values for 300 Rand 700 R. The same is true for the 
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FrG. 2. Relationship between the number of villus cells per column and the percentage of labelled 
crypt cells per column in controls and at various time intervals after X-irradiation with 300 R (e) 
and 700 R (A). The values for thirty-two animals (two animals per point) are presented. The 
arrows indicate values obtained at 24 and 36 hr after irradiation; all other values are obtained 
for controls and at later time intervals after irradiation. 
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overshoot in labelling index which occurs in the crypt at about 48 hr after irradiation. The 
recovery of the number of villus cells towards control values is much slower after 700 R than 
after 300 R. As long as the number of villus cells is reduced the percentage of labelled crypt 
cells was found to exceed control values. 
In Fig. 2 the number of villus cells and the percentage of labelled crypt cells are plotted for 
the different time intervals after 300 R and 700 R. The data show that there is an inverse 
linear relationship between the number of villus cells and the percentage of labelled crypt 
cells for all data obtained at 48 hr after irradiation or later. The values observed at 24 and 36 hr 
do not fit this linear relationship. 
DISCUSSION 
In previous studies (Galjaard eta/., 1972a; van der Meer-Fieggen, 1973) support was ob-
tained for the hypothesis of a feedback control of the proliferative activity in small intestinal 
crypts by functional villus cells. Using a relatively low dose of X-radiation, the recovery of 
intestinal epithelium was compared in germfree and conventional rats of the same strain. In 
these experiments it was shown that an expansion of the proliferative cell compartment in the 
crypt occurred at 48 hr after X-radiation in conventional rats and at 60 hr in germfree animals. 
The life span of the epithelial cells in non-irradiated conventional rats was found to be between 
36 and 48 hr, whereas in germfree rats this was approximately 12 hr longer (Galjaard eta/., 
1972a; van der Meer-Fieggen, 1973). In both groups of animals the time interval between 
irradiation and expansion of the proliferation zone corresponds with the normal life span of 
the epithelial cells. However, during recovery from X-radiation, the number of villus cells per 
column is markedly reduced, and this might influence the life span of the epithelial cells and 
hence the interpretation of experimental data concerning the possibility of a feedback control 
mechanism. 
The results in the present paper show that the life span of the epithelial cells is independent 
of the villus length, as expressed by the number of cells per villus column. 
Combined studies of the localization of labelled cells using autoradiography (Fig. l) and 
quantitative analyses using scintillation counting (Table 1) indicate that, as in controls 
(Leblond & Stevens, 1948), the life span at various time intervals after irradiation remains 
the same, i.e. between 36 and 48 hr. The extrusion of cells from the tips of the villi was found 
to continue, even when the villus length is markedly reduced. 
In non-irradiated control animals the migration rate seems to increase as the cell migrates 
from the base towards the tip of the villus (Table l), and this was also found during the period 
that the villus length was reduced. During repopulation of the villus this difference in migra-
tion rate between base and tip of the villus was not longer observed. In the interpretation of 
these data on tissue-sections, however, the three-dimensional structure should be kept in 
mind, as changes do occur during reconstitution of the villi (Loehry & Creamer, 1969). 
The constancy of the life span of the epithelial cells, even after marked reduction of the 
villus length, implies that the number of cells per villus column is dependent on the migration 
rate of the epithelial cells. The data in Tableland Fig. I show that following 700 R X-radia-
tion a decreased migration rate of the villus cells coincides with a reduced number of villus 
cells and also that the recovery of the villus is preceded by an increase in migration rate of the 
epithelial cells. 
The migration rate of the villus cells is restored to normal as soon as the crypt length has 
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been restored (see Table 1 and Fig. 1), which might indicate that the migration rate of the 
villus cells is dependent on the crypt length. From the data on crypt length after irradiation 
(Fig. 1) it can be deduced, from Lajtha's model for cell kinetics following irradiation (Lajtha 
& Oliver, 1962), that the reduction of crypt size does result in a reduced cell output to the 
villus and hence in a reduced migration rate of the epithelial cells. During recovery, following 
irradiation, the crypt is restored before repopulation of the villus occurs. 
The results, presented in Table 3, show that the percentage of labelled crypt cells increases 
above control values at 48 hr after X-radiation with 300 R as well as with 700 R. At this period 
the number of crypt cells is markedly reduced after 700 R but there is hardly any reduction 
after 300 R (Table 3). Hence there seems to be no relation between the number of crypt cells 
and the moment of increase in proliferative activity. However, the number of villus cells is 
reduced to the same extent at 48 hr after 700 R and after 300 R. 
Also in the subsequent period from 48 to 120 hr after irradiation both after 300 Rand 700 R 
an inverse relationship between villus length and the percentage of labelled crypt cells was 
observed (Fig. 2). 
Such a linear relationship, for data from 48 hr after irradiation onwards, is consistent with 
the hypothesis of a feedback control of proliferation by the functional villus compartment. 
The data for 24 and 36 hr after irradiation do not fit this linear relationship, representing the 
fact that during this period the proliferative activity is first blocked and then restored to normal 
whereas the villus length only shows a slight reduction after 36 hr. 
We would like to hypothesize that a reduction of the population of villus cells below a 
'critical villus length', probably corresponding with 60-70% of its normal length, will trigger 
an expansion of the proliferation cell compartment in the crypt. Such a feedback mechanism 
might act on cells in 'the critical decision zone' (Cairnie, Lamerton & Steel, 1965) halfway 
along the crypt in order to initiate one extra cell cycle (Galjaard eta/., l972b). 
In view of the digestive function, accompanied by a certain 'wear and tear', it seems reason-
able that minor changes in the number of villus cells would not affect crypt cell proliferation. 
For a definite proof of the hypothesis of a feedback regulation of crypt cell proliferation 
the use ofX-radiation as a tool for reduction of the villus cell population has the disadvantage 
of acting via changes in the crypt cell population. It is therefore important to seek other 
methods which selectively affect the functional villus cell compartment. Such procedures have 
already contributed in studies of other cell renewal systems (Hanna, 1967; Hennings & 
Elgjo, 1970; Zajicek, Michaeli & Weinreb, 1972). 
Various procedures for the isolation of crypt and villus cell compartments (NordstrOm, 
Dahlqvist & Josefsson, 1968; Harrison & Webster, 1969; Galjaard eta!., 1970) have enabled 
quantitative biochemical analysis of differentiation processes in intestinal epithelium (Fortin-
Magana eta!., 1970; Galjaard eta!., 1970; lemhoff & Hlilsmann, 1971; Nordstrom eta/., 
1968; Webster & Harrison, 1969). In some instances such studies have also been related to 
changes in crypt cell kinetics following low doses of X-radiation (de Both eta/., 1974; Gal-
jaard & Bootsma, 1969; Galjaard eta/., 1972a, b). During the period of increased proliferative 
activity in the crypt an insufficient development was found of certain differentiation character-
istics, i.e. the activity of some enzymes involved in small intestinal function (Galjaard & 
Bootsma, 1969; Galjaard eta/., 1970, 1972a, b). Other parameters, such as the ultrastructural 
development of the epithelial cells, remained unaffected (de Both eta/., 1974). In the present 
paper it was shown thatthe life span of the epithelial cells remain unaffected by reduced villus 
length as a result of irradiation. This implies that the observed immaturity of the villus cells 
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(Galjaard eta/., 1972b) is to be related to an increased proliferative activity in the crypt, and 
not to any changes in the life span of the epithelial cells. 
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ABSTRACT 
Autoradiographic studies and scintillation counting of crypt material after pulse 
labelling with 3H-thymidine showed that during continuous irradiation with 290 
radsjday a reduced proliferative activity is present in the crypts of rat small intestine 
after I day of irradiation and of normal activity during the remaining period (5 days) 
irradiation. After cessation of irradiation an increase in proliferative activity can be 
observed after I day of recovery. From the time (36-48 hr after starting of the 
irradiation) that the number of villus cells is reduced an expansion of the prolifera-
tion zone in the crypt was observed. Both effects last until I day of recovery after 
cessation of irradiation. The process of crypt cell maturation and of villus cell 
function has also been studied during and after continuous irradiation by micro-
chemical enzyme analyses in isolated crypts and villi. It was found that the expan-
sion of the proliferation zone in the crypt is accompanied by a decrease in activity of 
only those enzymes (i.e. non-specific esterases) which normally become active 
during crypt cell maturation. The activity of enzymes normally present mainly 
in the functional villus cells remained relatively unaffected by changes in crypt cell 
kinetics. A hypothesis of different regulation mechanisms of the proliferative 
activity in the intestinal crypt and a possible explanation of the different behaviour 
of various enzyme activities as a result of changes in crypt cell proliferation is 
discussed. 
INTRODUCTION 
For several cell renewing systems, i.e. skin, enamel epithelium, haemopoietic and lympho-
poietic systems, evidence has been obtained for a feedback control of the proliferative 
activity in the precursor cell compartment (Bullough eta/., 1967; Elgjo, Laerum & Edgehill, 
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1972; Hanna, 1967; Hennings & Elgjo, 1970; Kiger eta/., 1972; Kivilaaksoo & Rytomaa, 
1971; Ryt6maa & Kiviniemi, 1968; Zajicek, Michaeli & Weinreb, 1972). 
Comparative studies on the recovery of the small intestinal epithelium after a single dose 
of X-radiation in conventional and germ-free rats gave support to the hypothesis of a feed-
back control of crypt cell proliferation by the functional villus cells (Galjaard, van der 
Meer-Fieggen & Giesen, 1972a; van der Meer-Fieggen, 1973). In studies on the recovery from 
different radiation doses it was found that the percentage of labelled crypt cells varies in-
versely with the number of cells per villus column. It was also suggested that the villus cell 
population has to be reduced to a critical number (approximately 70% of control value) to 
initiate an expansion of the proliferating crypt cell compartment (Rijke, van der Meer-
Fieggen & Galjaard, 1974). 
In the study of homeostatic mechanisms it is often very useful to perturb the system by 
an agent which leads to a new steady state or near steady state of cell population. Continuous 
irradiation is one such agent and published data on the effects of continuous irradiation on 
intestinal epithelium are of considerable interest, contrasting with the data from single 
radiation exposures described above. In experiments on the effects of continuous irradiation 
on the intestinal epithelium of rats no increase in labelling and mitotic indices was observed 
during irradiation (Cairnie, 1967; Lamerton, 1966; Quastel, 1963; Quastler eta/., 1959; 
Wimber & lamerton, 1963), although a reduction in total villus population occurs (lamerton 
et a/., 1961 ; Quastel, 1963). 
The present studies were designed to follow up these findings by investigating, during the 
course of continuous irradiation, the changes. in, and possible relationships between, the 
number of villus cells per column, the proliferative activity in the crypt (as measured by the 
labelling index and by scintillation counting of crypt material after pulse labelling with 
3H-thymidine) and the localization of the proliferative zone in the crypt. The effect of changes 
in crypt cell proliferation on the process of cell maturation has also been investigated by 
microchemical enzyme analyses on isolated crypts and villi, during continuous irradiation 
and during a subsequent recovery period. The activity of the non-specific esterase was 
measured as a parameter for crypt cell maturation (de Both eta!., 1974; Galjaard, van Duuren 
& Giesen, 1970; van der Meer-Fieggen, 1973) and the activities of alkaline phosphatase, 
leucine aminopeptidase and neutral x-glucosidase were analysed as parameters for villus 
cell function (de Both eta/., 1974; Fortin-Magana eta/., 1970; Galjaard, van der Meer-
Fieggen & de Both, 1972b; Nordstrom, Dahlqvist & Josefsson, 1968; Webster & Harrison, 
1969). 
MATERIALS AND METHODS 
Male hybrid rats of the female August and male Marshall strains, weighing 100-120 g and 
about 7 weeks old, were used. Irradiations were performed in a Caesium-137 irradiation unit 
(Quastler eta/., 1959), with a dose of 290 radsjday. The animals were exposed to continuous 
irradiation for 5 days and subsequently allowed to recover for 7 days. After I, 2, 3 and 5 days 
of irradiation, and after I, 2, 3, 5 and 7 days of recovery following irradiation for 5 days, 
two animals were anaesthesized, 0·5 hr after being injected intraperitoneally with 100 J.1Ci 
3H-TdR (Amersham, specific activity 29 Ci/mole), and segments of small intestine (approxim-
ately 8 em from the pylorus) were removed. At operation days segments of small intestine 
were also taken under the same conditions from one or two unirradiated control animals, 
in total five rats. All rats were sacrificed at approximately 12.00 hours except for two rats 
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which had been allowed a recovery of 2 days after 5 days of irradiation, which were sacrificed 
at approximately 18.00 hours. Because differences between labelling indices at 12.00 hours 
and 18.00 hours have been found to be almost nil (Pilgrim, Err & Maurer, 1963; Sigdestad, 
Bauman & Lesher, 1969) the results of the kinetic studies of these rats sacrificed at the later 
time are included in the results. The enzymatic activities are not given since differences due 
to the daily rhythm of enzymatic activities are considerable (Hugon, Charnel & Lamendeau, 
1973; Saito, 1972). 
Autoradiography 
Segments of small intestine from each animal were fixed in 4% formalin and paraffin 
sections (5 ,urn) were processed for dipping autoradiography using K2-IIford emulsion. 
After HE-staining, the number of cells was determined in fifty longitudinally cut crypt 
columns and villus columns, together with the number of labelled cells along the crypt 
column. The positions of the labelled cells along the crypt column were also determined 
in order to observe changes in the pattern of distribution of proliferating cells in the crypt; 
the data were plotted as described earlier (Galjaard eta/., 1972a). The leading edge of! a belled 
cells along the crypt column was also recorded for this purpose. 
Scintillation counting 
From each animal segments of small intestine were quickly frozen in liquid nitrogen and 
stored in solid carbon dioxide, for scintillation counting and determination of enzymatic 
activities. Cryostat sections (20 ,urn) were freeze-dried (4 hr at -25'C, p < 0·001 mmHg), 
crypt fragments were dissected, weighed on a quartz balance and placed in a liquid scintilla-
tion vial (two vials for each animal), containing 0·5 ml Soluene* for solubilization. After 
48 hr 15 ml scintillation mixture (5 g PPOt plus 0·5 g POPOPt per litre toluene) were added. 
The samples were counted in a liquid scintillation spectrometer (Packard) and the results 
were expressed as number of disintegrations per minute per unit dry weight of crypt. 
Enzymatic assays 
Cryostat sections (12 I'm) were freeze-dried, as described above, for microchemical analy-
ses; crypts and villi were dissected and the tissue fragments were weighed on a quartz balance 
(Galjaard eta/., 1970). The activity ofthe non-specific esterase was determined using naphthyl 
acetate as a substrate in a final volume of 350 ,ul (Galjaard eta/., 1970), and the activity of 
neutral a-glucosidase with 4-methylumbelliferyl-a-n-glucopyranoside as a substrate in a 
final volume of 520 1'1 (Galjaard et a/., 1972c). The alkaline phosphatase activity was 
determined according to Lowry eta/. (1954), using di-Na-paranitrophenylphosphate as a 
substrate, Mg++ -ions added, in a final volume of 250 1'1. The leucine aminopeptidase was 
determined according to the 'LAP test' of Boehringer, with L-leucine-p-nitroanalid as a 
substrate in a final volume of 50 ,ul, as described earlier (Galjaard et a/., 1970). 
The enzyme activities were estimated for each animal in ten samples of crypt-material 
and ten samples of villus-material. The non-specific esterase served as a parameter for crypt 
cell maturation and the alkaline phosphatase, leucine aminopeptidase and neutral a-gluco-
sidase as parameters for villus cell function, this distinction being based on earlier experi-
ments (de Both eta/., 1974; Galjaard eta/., 1970, 1972b). 
* Soluene (Packard). 
t PPO: 2,5-diphyloxazol; POPOP: 2,2'-phenylen-bis-(5-phenyloxazo\). 
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RESULTS 
1. Compartment sizes and proliferative activity 
At various time intervals during 5 days of continuous irradiation, with a dose of 290 
radsjday, and a subsequent 7 days' period of recovery, radioautographs of small intestine 
were prepared after pulse labelling with tritiated thymidine. The following parameters were 
investigated: number of cells per villus column and crypt column, percentage of labelled 
cells per crypt column and the localization oflabelled cells in the crypt. Additional information 
on the proliferative activity was obtained by scintillation counting of crypt material dis-
sected from freeze-dried cryostat sections of small intestine. 
(a) Crypt and villus column counts. The numbers of cells per longitudinally cut crypt 
column and villus column at various periods of continuous irradiation and during subsequent 
recovery are given in Table I. During continuous irradiation the number of cells per crypt 
column is hardly reduced and attains normal values after 1 day of recovery. After 2 and 3 
days of recovery an overshoot in the number of cells per crypt column is observed and 
subsequently the number of cells per crypt column decreases again to approach control 
values. 
The villus length is reduced to approximately 70% of its normal length after 2 days of 
continuous irradiation and remains so until day 2 of recovery, at which time control values 
are attained again. 
TABLE 1. Number of crypt cells and villus cells in small intestinal epithelium during and 
after continuous irradiation* 
No. of cells per column 
Continuous irradiation Recovery after irradiation 
Crypt Villus Crypt Villus 
Unirradiated 32+2 74±8 33 ± 2 73 ± 8 
controls 32±2 68 ± 6 32 ± 3 73 ± 8 
32±2 73 ± 7 
I day 29 ±2 75 ± 8 32 ±2 58± 4 
26 ±2 71 ± 8 32 ± 2 47 ± 4 
2 days 30 ± 3 53± 4 40±4 74 ± 7 
31 ± 3 48 ± 5 38 ± 3 71 ± 6 
3 days 28 ± 2 50± 4 36 ± 3 70±6 
31 ± 3 57± 6 39 ± 3 70± 7 
5 days 30± 5 51 ±5 33 ±2 70± 6 
29 ±2 53± 6 35 ± 3 78 ± 8 
7 days 34± 3 73 ± 8 
34 ± 2 76± 6 
* Each value represents the mean (±S.D.) of fifty longitudinally cut columns of 
crypts and villi in various tissue sections from one animal. 
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(b) Proliferative activity. As shown in Fig. !(a) the percentage of labelled crypt cells. as 
determined by autoradiography, shows an initial decrease at day I of irradiation, but control 
values are maintained during the remaining period of irradiation. After 1 day of recovery 
from the irradiation the percentage of labelled crypt cells is increased, but approximately 
normal values are observed during the remaining period. 
Quantitative data based on the dry weight of isolated crypt material were obtained by 
scintillation counting after pulse labelling with tritiated thymidine. Fig. I (b) illustrates the 
number of disintegrations per minute per mg dry weight of crypt, which, as grain counts 
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FIG. 1. Proliferative activity in small intestinal crypts during and after continuous irradiation 
(290 rads(day): (a) percentage of labelled cells per crypt column studied by autoradiography, 
(b) radioactivity in dpm/mg crypt, as determined by liquid scintillation counting. Each point 
represents the mean of determinations in one rat and control values represent the mean (±S.D.) 
of analyses in five animals. 
revealed no significant differences, is a reflection of the number of cells synthesizing DNA 
per· mg of crypt material. The results show that the radioactivity per unit weight of crypt 
is decreased after l day of irradiation, and is normal again during subsequent days of irradia-
tion. After cessation of irradiation the cell production rises quickly (at day l of recovery) 
and subsequently decreases again to approach control values. 
(c) Localization of proliferative cell compartment in the crypt. The distribution of labelled 
cells along the length of the crypt column, corrected for (minor) variations in crypt length, 
after various periods of irradiation is plotted in Fig. 2 and in Fig. 3 the same parameters are 
illustrated for the period of recovery after 5 days of irradiation. 
Throughout the irradiation period there is a decrease in the percentage of labelled cells 
for those cell positions which are normally exclusively involved in proliferation (i.e. cell 
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FIG. 2. Distribution of labelled cells in intestinal crypts during continuous irradiation (290 
rads/day), expressed in percentage of labelled cells in each cell position along longitudinally 
cut crypt columns. Cell positions are given in fractional distances from bottom to top of the crypt. 
The dotted lines represent the distribution of control animals. 
positions 1-16 from the bottom of the crypt). After irradiation for 2 and 3 days there is an 
expansion of the proliferation zone and more labelled cells are found in the upper half of the 
crypt. After 5 days of irradiation the distribution of proliferating cells in the crypt is approxim-
ately the same as that of the non-irradiated control. The results in Fig. 3 illustrate that the 
proliferation zone is expanded after the first day of recovery, and the distribution of pro-
liferating cells in the crypt has already normalized after 2 days of recovery. During the whole 
period of recovery the percentages of labelled cells in the lower half of the crypt are similar 
to those in control animals. 
Fig. 4 shows the relationship between the position of the leading edge of labelled cells 
along the crypt column, serving as a parameter for the localization of the proliferative 
cell compartment, and the number of cells per villus column. An expansion of the proliferation 
zone is observed after 2 and 3 days of irradiation and after I day of recovery, and the number 
of cells per villus column is reduced at these time intervals. After 5 days of irradiation the 
distribution of proliferating cells in the crypt is normalized while the number of villus cells 
per column is reduced. By day 2 of recovery both the number of villus cells and the size of 
the proliferative cell compartment have returned to normal values. 
2. -Crypt cell differentiation during and after continuous irradiation 
As a parameter for crypt cell differentiation the activity of non-specific esterase has been 
used, whereas the activities of alkaline phosphatase, leucine aminopeptidase and neutral 
x-glucosidase, which are mainly developed in the villus cells, were considered to be indicators 
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FIG. 3. Distribution of labelled cells along intestinal crypts during recovery after 5 days of 
continuous irradiation. Similar parameters as in Fig. 2. 
for villus cell function. The results of the enzyme analyses in isolated crypts are illustrated 
in Fig. 5 and those for isolated villi in Fig. 6. 
The activity of the non-specific esterase in the crypt decreases considerably between day I 
and 2 of irradiation and remains low during the whole period of irradiation, and during the 
initial part of the recovery period, returning to control values after 5 days of recovery. The 
reduced activity in the crypt is also reflected in the villus cells (Fig. 6), where a decreased 
esterase activity is observed during the irradiation and the subsequent recovery period. 
Immediately after cessation of irradiation there is an increase in esterase activity of the 
villus cells. 
Figs. 5 and 6 also demonstrate the activities of alkaline phosphatase, leucine amino-
peptidase and neutral a-glucosidase. ln contrast to the non-specific esterase the activities of 
these enzymes are low in the crypt compared with the villus. For these enzymes the activities 
both in crypt cells and in villus cells remain relatively unaffected by changes in cell prolifera-
tion during the irradiation and the subsequent recovery period. Only after I day of irradiation 
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Similar parameters as in Fig. 5. 
increased activities in the crypt are observed for alkaline phosphatase, leucine aminopeptidase 
and neutral a-glucosidase (Fig. 5), which then gradually decrease to normal values. 
DISCUSSION 
There are various lines of evidence pointing to a feedback control of crypt cell proliferation 
in the epithelium of the small intestine. Comparative studies on the epithelium of rat small 
intestine in conventional and germfree rats led to the hypothesis of a feedback control of 
crypt cell proliferation by the functional villus cells (Galjaard eta/., 1972a; van der Meer-
Fieggen, 1973). Recent studies on the recovery of rat intestinal epithelium after various doses 
ofX-radiation revealed an inverse relationship between the number of cells per villus column 
and the percentage of labelled crypt cells (Rijke et a/., 1974). In the same studies it was 
suggested that the villus has to be reduced to a critical number to initiate an expansion of 
the proliferating cell compartment in the crypt (Rijke eta/., 1974). On the other hand, in his 
study of the existence of chemical factors in the small intestine affecting cell proliferation, 
Tutton (1973) found that a chemical factor inhibiting crypt cell proliferation could be isolated 
from crypt cells, but could detect no effect of an extract from villus cells. The timing of his 
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experiments would only allow the detection of factors which operated on the cell within a 
few hours of the start of mitosis, and presumably within the G, phase. From the work of 
Tutton nothing can therefore be said about feedback factors from crypt or villus operating 
on the earlier stages ofthe cell cycle. 
The present experiments on the effect of continuous irradiation show that between I and 
2 days of irradiation there is a slight decrease in the number of cells per crypt column while 
the number of cells per villus column remains unchanged (Table!). The percentage oflabelled 
cells per crypt column artd the proliferative activity in the crypt as measured by scintillation 
counting are decreased and the distribution of proliferating cells in the crypt remains un-
changed (Figs. I and 2). In the subsequent period of continuous irradiation the number of 
cells per villus column is reduced to approximately 70% of its normal cell number and at the 
same time the proliferative crypt cell compartment has expanded (Fig. 4). The percentage 
of labelled cells per crypt column returns to control values, as does the proliferative activity 
in the crypt determined by scintillation counting of crypt material. There is, however, an 
expansion of the proliferative cell compartment in the crypt after 2 and 3 days of irradiation. 
in spite of a normal percentage of labelled crypt cells. This apparent discrepancy is due to 
the decrease in labelling index of cells in the lower half of the crypt during irradiation (Fig. 2). 
possibly a consequence of a sterilizing action of the irradiation (Cairnie, 1967, 1969). During 
the whole period of continuous irradiation the number of cells per crypt column shows, in 
contrast to the number of cells per villus column, only a slight reduction. The results obtained 
are consistent with the hypothesis that an expansion of the proliferative cell compartment 
in the crypt is determined by changes in the villus cell population, though of course they do 
not prove a causal relationship. 
It is also possible that the total crypt cell population influences the distribution of prolifer-
ating cells in the crypt since it was observed, using the squash technique, that the total crypt 
cell population is markedly reduced during continuous irradiation (Lamerton, 1963; Wimber 
& Lamerton, 1963). It was found, however, that after I day of irradiation there is a reduction 
of the crypt cell population and that the crypt cell population is already recovering at I day 
cessation of irradiation (Lamerton, 1963). These results do not appear to correspond with 
the data on the distribution of proliferating cells in the crypt, as illustrated in Fig. 4, but it 
has to be recognized that the column counts may not provide a good measure of the total 
cell population if the crypt (or villus) is changing in shape or if the cell density is changing. 
It is for this reason that conclusions based on column counts of crypt and villus have to be 
treated with a certain reserve. 
On the first day of recovery after 5 days of continuous irradiation a distinct increase of the 
proliferative activity in the crypt occurs (Figs. Ia and I b). The proliferative cell compartment 
remains expanded and the number of villus cells per column is still reduced, in contrast with 
the number of cells per crypt column, which has fully returned to control values. It would 
appear that it is a consequence of this increased proliferative activity that the villus is able to 
regain its normal length very quickly, and explains the observation that after 2 days of re-
covery the number of villus cells per column has already returned to control values. At the 
same time both the proliferative activity and the distribution of proliferative cells in the crypt 
return to control values. The number of crypt cells per column shows an overshoot at day 2 
and 3 of recovery and subsequently decreases towards control values. 
During the period of expansion of the proliferative cell compartment in the crypt, and 
hence reduction in the length of the non-proliferating maturation cell compartment in the 
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crypt, only the non-specific esterase shows a distinct decrease of activity in the crypt, which 
is in accordance with earlier observations after acute irradiation (Galjaard & Bootsma, 
1969). The decreased esterase activity in the crypt is also reflected in a lower activity in the 
functional villus cells (Figs. 5 and 6), which has been shown not to result from changes in 
the life span of the epithelial cells (Rijke & Galjaard, 1973; Rijke eta!., 1974). Such an inverse 
relationship between cell proliferation and activity of non-specific esterase has also been 
reported to exist under other circumstances (Smejkalova & Smejkal, 1973). During the first 
days of recovery crypt cell maturation, as reflected by the activity of the non-specific esterase, 
is still markedly reduced. A relatively late recovery of esterase activity in the crypt has also 
been observed following acute irradiation (Galjaard & Bootsma, 1969; Galjaard et a!., 
1972a), and may be an indication that the consequences of chartges in cell proliferation last 
longer than the changes themselves. 
After I day of irradiation there is an increase in activity of three enzymes involved in intes-
tinal function, i.e. alkaline phosphatase, leucine aminopeptidase and a-glucosidase; and 
during subsequent days of irradiation there is a gradual decrease towards normal values 
(Fig. 5). However, changes in the distribution of proliferating cells in the crypt do not seem 
to influence the activities of those enzymes which are localized in the microvilli of the epi-
thelial cell and the development of which mainly occurs when the epithelial cell enters the 
functional villus compartment (de Both eta!., 1974; Galjaard eta!., !972b). Thus an expan-
sion of the proliferative cell compartment does not interfere with the activity of the enzymes 
alkaline phosphatase, leucine aminopeptidase and neutral a-glucosidase. 
Cairnie (1969) reported that the length of the 0 2 + 1,M part of the cell cycle time is increased 
after 1 day of continuous irradiation and subsequently gradually decreases to reach control 
values after 5 days of irradiation. It is interesting to note that the activities of alkaline phos-
phatase, leucine aminopeptidase and a-glucosidase in the crypt cells correspond approxim-
ately with Cairnie's data on the length of the 0 2 + j-M part of the cell cycle time during and 
immediately after continuous irradiation. The activity of the non-specific esterase in the crypt 
follows a different pattern; it was not increased after l day of irradiation and it was decreased 
throughout the remaining period of irradiation and the first day of recovery after the irradia-
tion. This suggests that the activity of the non-specific esterase in the crypt is not influenced by 
changes in the G 2 + ±M part of the cell cycle time. 
Following acute or continuous irradiation an increase in the percentage of labelled crypt 
cells can be observed, which may be initiated by a reduction of the villus cell population or a 
reduction of the total crypt cell population. An increase in the labelling index following 
irradiation could be brought about by two different mechanisms, i.e. by an expansion of the 
proliferative cell compartment in the crypt and by a shortening of the cell cycle time. Recently 
Elgjo and his colleagues (Elgjo eta!., 1972; Elgjo & Edgehill, 1973) suggested the existence 
of two different 'chalones' for the epidermis, one being produced by the functional cells and 
arresting cells in the G 1-phase of the cell cycle in the proliferation compartment, and another 
produced by the proliferating cells supposed to arrest cells in the 0 2-phase. The data pre-
sented herein are consistent with the view that the distribution of proliferating cells in the 
crypt is determined by changes in the villus cell population. Thus a reduction of the villus 
cell population may, for a number of cells migrating along the crypt, delay the decision to 
stop proliferating, so that the 'critical decision zone' (Cairnie, Lamerton & Steel, 1965) shifts 
upwards in the crypt. The chemical fraction from crypt cells, recently isolated by Tutton 
( 1973 ), appears to inhibit cell proliferation by some hold-up of cells in the G,-phase of the 
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cell cycle. It is possible that in small intestinal epithelium, in the same way as suggested for 
the epidermis by Elgjo, there are two different mechanisms to increase the proliferative 
activity in the crypt, regulated by different cell populations. The cell cycle time of proliferating 
cells in the crypt could be determined by the crypt cell population and the distribution of 
proliferating cells in the crypt by the villus cell population. 
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THE EFFECT OF ISCHEMIC VILLUS CELL DAMAGE ON CRYPT CELL 
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Evidence for a feedback control mechanism 
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In recent years the hypothesis that the number of 
villus cells regulates crypt cell proliferation in 
the epithelium of the small intestine has been 
brought forward by a number of investigators. To 
test this hypothesis, the villus cell population 
was reduced by clamping the superior mesenteric ar-
tery and vein in rats for 1 hr and the effects on 
the intestinal epithelium were studied during the 
first 24 hr. It was shown that te~porary interrup-
tion of the blood flow to the small intestine led 
to a marked decrease in the number of functional 
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villus cells within 2 hr; preferentially, cells 
from the upper part of the villus were lost and 
the number of crypt cells was not affected. This 
reduction in the number of villus cells led to an 
increase in the percentage of labeled crypt cells 
after pulse labeling with (3H)thymidine, and an 
expansion of the proliferative cell compartment in 
the crypt. After a peak of proliferative activity 
at 16 hr, the investigated crypt cell kinetic 
parameters approached control values after 24 hr, 
as did the number of villus cells. The enzyme ac-
tivities of nonspecific esterase and neutral a-
glucosidase showed marked decreases in isolated 
crypt and villus cell compartments as crypt cell 
proliferation increased. These data support the 
hypothesis of a feedback control of crypt cell 
proliferation by the functional villus cells, and 
confirm earlier data on the influence of changing 
cell kinetics on crypt cell maturation. Additional 
data which were obtained after creating temporary 
ischemia in part of the small intestine support 
the view that the feedback control of prolifera-
tion by the villus cells is a local control mecha-
nism. 
In recent years, the hypothesis of a feedback control of 
crypt cell proliferation by the functional villus cells in 
the small intestine has been put forward by a number of 
investigators ( 1-4). 
Comparing the response of the small intestinal epithe-
lium to X-irradiation in germ-free and normal rats (1), an 
inverse relation was found between the number of cells per 
villus column and the percentage of labeled cells per 
crypt column. The response of rat intestinal epithelium to 
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various doses of X-irradiation showed the same relation-
ship (2). It was observed that at the time at which there 
was a reduced number of villus cells after X-irradiation, 
there was an expansion of the proliferative cell compart-
ment in the crypt (1). In studies using continuous X-irra-
diation it was found that an expansion of the prolifera-
tive cell compartment in the crypt coincided with a de-
crease in the number of villus cells, even though the per-
centage of labeled cells per crypt column was normal (3). 
X-irradiation as a tool to decrease the number of func-
tional villus cells has the disadvantage of acting via 
changes in the crypt cell population, the response of 
which is subsequently studied. Procedures selectively af-
fecting the functional cell compartment, which have 
already contributed in studies of other cell renewal 
systems (5-10), are needed to test the hypothesis of a 
feedback control of cell proliferation in the intestinal 
epithelium. 
A considerable loss of villus cells in the rat small in-
testine was observed after clamping of the superior mesen-
teric artery for 1 hr (11). The fast recovery of the villus 
epithelium which subsequently occurred suggested that the 
crypt cell population was not damaged, or only to a minor 
degree. In recent studies on dogs, it was found that clam-
ping of a mesenteric artery and its accompanying vein for 
1 hr resulted in extensive desquamation from the villi, 
whereas the crypts remained relatively intact (12,13). 
The purpose of the present study was to investigate the 
effect of a reduction in the number of villus cells, 
brought about by temporary ischemia, on the proliferative 
activity and the localization of the proliferative cell 
compartment in the crypt. In addition, the activities of 
nonspecific esterase and neutral a-glucosidase in isolated 
crypt and villus compartments were measured after temporary 
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ischemia. Earlier work has shown that these are parameters 
for intestinal cell maturation that change under altered 
crypt cell kinetics (3,14-18). Finally, in a number of 
animals temporary ischemia was created in approximately 
one-half of the small intestine and observations were made 
proximal to the damaged area to investigate whether the 
response is of a local or systemic character. 
Materials and Methods 
Clamping procedure. Male Glaxo-Wistar rats, weighing 
approximately 250 g, were subjected to pentobarbital anes-
thesia (40 mg per kg of body weight, intraperitoneally) 
after a fasting period of 24 hr and a midline laparotomy 
was performed. 
The small intestine, from ligament of Treitz to c:ecum, 
was exteriorized and delivered on a saline-moistened 
sponge, and the superior mesenteric artery and vein were 
clamped using Diffenbacher serrefine clamps. After 1 hr 
the clamp was removed and the small intestine was returned 
to the peritoneal cavity. The wound was closed in two 
layers: muscle layer and peritoneum with 3-0 silk and the 
skin with wound clips. Control animals underwent the same 
procedure except for the clamping. The animals were retur-
ned to cages and were given 5% sucrose. 
Tissue preparation. After 2, 8, 16, and 24 hr, segments 
of small intestine, approximately halfway between the liga-
ment of Treitz and the cecum, were resected under ether 
anesthesia, 1 hr after the rats had been given intravenous 
injections of (3H)thyrnidine, l ~c per g of body weight 
(specific activity 15.2 c per rnmole, Radiochemical Centre, 
Arnersharn, England). At each time interval tissues were re-
moved from 4 animals which underwent clamping and 2 con-
trol animals. All animals were killed between 11:00 AM and 
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12:00 noon. 
Autoradiography. Segments of small intestine were fixed 
in 10% formalin and paraffin sections (4 ~) were processed 
for dipping autoradiography using Eastman Kodak NTB emul-
sion. After hematoxylin and eosin staining the number of 
cells was counted in 20 longitudinally cut crypt columns 
and villus columns .. Also, the number and distribution of 
labeled cells in the crypt were recorded. For each crypt 
column the position of the proliferative cell compartment 
was calculated as a fraction of the total number of cells 
between bottom and top of the crypt to correct for diffe-
rences in crypt length (19). 
Microchemical enzyme assays. From each animal segments 
of small intestine were quickly frozen in liquid nitrogen 
and stored at -7o0 c. Cryostat sections (12 ~) were freeze-
dried (4 hr at -25°C, P < 0.15 N per m2 ), crypts and villi 
were dissected, and the tissue fragments were weighed on a 
quartz balance (17). The activity of the nonspecific ester-
ase was determined using naphthyl acetate as a substrate 
in a final volume of 350 ~1 (17). The activity of neutral 
a-glucosidase was determined using 4-methylurnbelliferyl-a-
D-glucopyranoside as a substrate in a final volume of 
520 ~1 (15). For each animal the enzyme activities were 
estimated in 10 samples of crypt material and 10 samples of 
villus material. 
Determination of site of villus cell loss. To determine 
whether preferential cell loss would occur from the upper 
part of the villus, a number of animals were killed at 
24 hr after injection with ( 3H)thymidine. One-half of these 
rats were subjected to clamping between 2 and 3 hr before 
being killed. After autoradiographic processing, the number 
of cells per villus column and the cell position of the 
leading edge of labeled cells along the villus column were 
determined from tissue sections. 
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Partial clamping. In a number of animals the mesenteric 
blood vessels of approximately 50% of the small intestine 
(30 to 80 em distal to the ligament of Treitz) were clam-
ped for 1 hr in a way similar to that described above. 
After 16 hr, segments of the nonclarnped intestine were re-
sected, immediately distal from the ligament of Treitz. In 
addition, segments of the clamped part, approximately half-
way along the small intestine, were resected. One hour be-
fore being killed, the animals were injected with (3H)thy-
midine. After autoradiographic processing the cell numbers, 
labeling index, and position of the leading edge of labeled 
cells in the crypt were determined in 20 longitudinally cut 
crypt and villus columns. The same procedure was followed 
for control animals except for the clamping. 
Results 
Proliferative activity in the crypt. At various time in-
tervals after clamping of the superior mesenteric artery 
and vein, radioautographs of small intestine were prepared 
after pulse labeling with ( 3H)thymidine (fig. l). 
The number of epithelial cells per longitudinally cut 
crypt column and villus column at various periods after 
clamping qre presented in figure 2. The number of cells per 
crypt column, except for minor variations, was not influen-
ced by the interruption of blood flow to the small intes-
tine. The number of cells per villus column, however, 
showed a considerable decrease to about 50% of the control 
value at 2 hr after clamping. At 8 hr after clamping the 
number of cells per villus column was still markedly redu-
ced, but increased subsequently to approach control values 
at 16 and 24 hr after clamping. 
The villus cell position of the leading edge of labeled 
cells at 24 hr after pulse labeling with tritiated thymi-
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Fig. 1. Photomicrographs of the small intestinal epithelium of control 
rats (a}, and at 2 (b), 8 (c),and 16 hr (d) after temporary ischemia. 
All phot?micrographs were taken at the same magnification. 
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dine and the number of cells per villus column for animals 
that underwent clamping (2 to 3 hours before being killed) 
and for control animals are presented in figure 3. The 
number of cells per villus column showed a considerable 
decrease, comparable with the data in figure 2. However, 
there was no difference in cell position of the leading 
edge of labeled cells along the villus column at 24 hr 
after labeling (control: 16 ~ 2; after clamping: 17 ~ 1). 
The percentage of labeled cells per crypt column, as il-
lustrated in figure 4, already showed a significant increa-
se above control values at 8 hr after clamping and reached 
a maximum value after 16 hr. At 24 hr the percentage of 
labeled crypt cells was markedly reduced again to approach 
control values. 
The mean value for the highest cell position of labeled 
cells along the crypt column (leading edge), determined 
1 hr after pulse labeling with ( 3H)thymidine, is presented 
in table 1. A distinct expansion of the proliferative cell 
compartment in the crypt was observed at 8 and 16 hr after 
number of cells 
per column 
70 
60 
50 
40 
30 
20 
10 
c v 
0 
control 
c v 
2 hours 
c v c v c v 
B hours 16 hours 24 hours 
time interval after clamping 
Fig. 2. Number of cells per crypt column (C) and villus 
column {V) after temporary ischemia. Each value represents 
the mean (± SD) of 4 animals, except for the control which 
is the mean of 8 animals. 
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clamping of the superior mesenteric artery and vein, 
whereas the number of cells per crypt column was normal 
(fig. 2). After 24 hr the localization of the proliferative 
cell compartment resembled again the localization in con-
trol animals. 
Next, the labeling index for each crypt cell position 
was determined to investigate the distribution of labeled 
cells along the crypt column. Figure 5 illustrates the per-
centage of labeled cells for each crypt cell position, ex-
pressed in fractional distance from the bottom of the crypt 
to the crypt mouth. Each crypt column was standardized in 
order to exclude a possible influence of the number of 
cells per crypt column. At 8 and 16 hr after clamping there 
is an expansion of the proliferative cell compartment in 
the crypt, the labeled cells occupying 70% of the crypt 
length compared with 50% in control animals. At 2 and 24 hr 
after clamping the distribution of labeled cells along the 
crypt column is almost identical to that in control ani-
mals. At all time intervals there is a slight increase in 
the percentages of labeled cells in those cell positions 
which, under normal circumstances, are completely involved 
in cell proliferation, i.e., the lower half of the crypt. 
Table 1. Leading edge of labeled cells along the 
crypt column (1 hr after labeling with (3H)thymidine) 
after temporary clamping of mesenteric blood vessels 
Time interval Highest labeled No. of 
after clamping cell position+ SD animals 
Control 0.53 0.04 8 
2 hours 0.56 0.02 4 
8 hours 0.67 0.08 4 
16 hours 0.73 0.04 4 
24 hours 0.61 0.02 4 
+ Expressed as fraction of total number of cells 
from bottom to top of crypt. 
60 
50 
40 
30 
20 
10 
0 
control 2h. after clamping 
108 
Fig. 3. Ordinate: villus cell 
position. Total length of columns 
represents the number of cells per 
villus column and length of shaded 
parts represents the leading edge 
of labeled cells on the villus 
column, 24 hr after labeling with 
( 3a) thymidine. Each value represents 
the mean (± SD) of 4 animals. 
Enzyme activities in crypt and villus as parameters for 
cell maturation. The activities of nonspecific esterase and 
neutral a-glucosidase in crypts and villi, dissected from 
freeze-dried cryostat sections, after clamping of the supe-
rior mesenteric artery and vein, are illustrated in 
figures 6 and 7, respectively. 
At 2 hr after clamping no change was observed in the ac-
% of labeUed 
cells/ crypt column 
40 
30 
20 
J 
c 2 8 16 24 
time after clamping (hours) 
Fig. 4. Percentage of labeled cells per 
crypt column after temporary ischemia. 
Control values represent mean (± SD) of 
8 animals, other values of 4 animals. 
.,, 
\Qbelled cells 
60 
40 
,---
20 
0 
60 
40 
20 
0 
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2 hours a hours 
16 hours 24 hours 
0 ~ M M M W 0 ~ M M M W 
crypt cell position 
Fig. 5. Localization of the proliferative cell compartment in 
the crypt at various time intervals after temporary clamping 
of mesenteric blood vessels. Each distribution is based on data 
of 4 animals, control (dotted lines) on data of 8 animals. 
tivity of nonspecific esterase in the crypt or villus com-
partment (fig. 6). The activity of nonspecific esterase in 
the crypt cells was decreased at 8 hr after clamping and 
remained low. The villus cells also showed a similar de-
crease in nonspecific esterase activity, but to a lesser 
degree. 
The pattern of activity of neutral a-glucosidase (fig. 7) 
was approximately the same as that of nonspecific esterase. 
Again, a decrease in activity was observed from 8 hr on 
after clamping, although some increase in activity was 
noted at 24 hr. 
Partial clamping. The blood vessels of approximately 50% 
of the middle and distal part of the small intestine were 
clamped for 1 hr. After 16 hr tissues were resected, 1 hr 
after pulse labeling with ( 3H)thymidine, and radioauto-
graphs were prepared to investigate whether the immediate 
110 
J.J mol <X- naphtol 
-1 -1 h , mg dryweight 
80 
60 
40 
20 VILLUS 
0 
20 
16 
12 
8 
4 CRYPT 
0 
c 2 8 16 24 
hours after clamping 
Fig. 6. Enzyme activity of nonspecific esterase 
in isolated crypts and villi at various time 
intervals after intestinal blood flow interruption. 
Each point represents the mean (± SD) of 4 animals, 
control of 8 animals. 
response of the intestinal epithelium is of a local or 
systemic nature. The results, presented in table 2, show 
that in the ischemic intestinal epithelium in the rnidpor-
tion of the small intestine the villus length was reduced, 
the percentage of labeled crypt cells was increased, and 
the proliferative cell compartment, as judged from the lea-
ding edge of labeled cells along the crypt column, was ex-
panded. These changes are identical to the response after 
clamping of the superior mesenteric artery and vein 
(figs. 2 and 4 and table 1). In the jejunal epithelium, 
ll'l 
pmol M.U. 
-1 -1 h , mg dryweight 
1.6 
1.2 
0.6 
0.4 VILLUS 
0 
O.o7 
0.06 
0.05 
0.04 
CRYPT 
0.03 
oJ 
c 2 6 16 24 
hours after clamping 
Fig. 7. Enzyme activity of neutral a-glucosidase 
in isolated crypts and villi at various time 
intervals after intestinal blood flow interruption. 
Each point represents the mean (± SD) of 4 animals, 
control of 8 animals. 
taken immediately distal from the ligament of Treitz where 
the blood flow was not restricted, there were no differen-
ces in the determined parameters compared to control values 
(table 2). 
Discussion 
The intestinal epithelium lining the crypts and villi of 
the small intestine consists of a number of cell types 
which seem to originate from the same precursor cell and of 
which the columnar absorptive cell is the major campo-
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Table 2. Cell kinetics in intestinal epithelium at different sites of 
small intestine 16 hr after temporary interruption of the blood flow 
to middle and lower part of small intestine+ 
Group 
3 em distal from 
lig. of Treitz 
- control 
- partial 
clamping 
mid-small 
intestine 
- control 
- partial 
clamping 
+ 
No. of cells 
per column 
crypt villus 
33 ± 1 76 ± 2 
33 ± 1 73 ± 2 
33 ± 1 64 ± 2 
32 ± 1 49 ± 2 
% of labeled leading edge of labeled 
cells (fraction of 
crypt cells 
28.6 ± 1.8 
25.7 ± 2.5 
25.3±1.7 
38.2 ± 4.2 
crypt column) 
0.51 ± 0.01 
0.52 ± 0.04 
0.53 ± 0.05 
0.73 ± 0.04 
Each value represents the mean (± SD) of 3 animals. 
nent (20-24).The intestinal epithelium is constantly re-
newed through proliferation in the lower half of the crypt 
with an extremely short cell cycle time, followed by cell 
migration to the villus and extrusion from the villus top 
(25-29). 
The steady state growth in the intestinal epithelium 
seems to be influenced by a number of factors (30), and may 
be perturbed by a variety of experimental procedures {16, 
19,31-36). However, little is known about the way(s) in 
which cell proliferation is regulated in the intestinal 
epithelium (37). 
Celiac disease in man presents a situation in which com-
pensation for an increased cell loss from the villi seems 
to occur through increased proliferative activity in the 
crypts (38,39). In a number of experimental studies it was 
suggested that the number of functional villus cells is in-
valved in the regulation of crypt cell proliferation ( 1-4). 
Using a single dose of X-irradiation to perturb the steady 
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state, an inverse relationship was found between the number 
of villus cells and the proliferative activity in the 
crypt ( 1, 2 ). In a later study, using continuous irradiation, 
a reduction in the number of ~illus cells was accompanied 
by an expansion of the proliferative cell compartment in 
the crypt, despite the fact that the labeling index re-
mained normal (3). Changes in crypt cell proliferation also 
affect the activity of a number of enzymes involved in in-
testinal function (1,3,14-18) and goblet cell differentia-
tion (40) The development of the ultrastructure during 
crypt cell maturation remains relatively unaffected under 
altered crypt cell kinetics ( 14). 
Interruption of the intestinal blood supply for a short 
period of time leads to a loss of villus cells, whereas the 
crypts seem to be relatively unaffected (11-13,41,42). The 
difference in sensitivity to ischemia between crypt and 
villus cells may be based on the specific pattern of muco-
sal oxygen supply (43,44).Therefore, temporary clamping of 
the intestinal blood vessels seemed to be a useful tool to 
test the hypothesis of a feedback control of proliferation 
by the villus cell population. 
The present results demonstrate that temporary intestinal 
blood flow interruption led to a 50% decrease in the number 
of cells per villus column after 2 hr, whereas the number 
and proliferative activity of the crypt cells remained un-
affected (figs. 1,2, and 4). It was also shown that villus 
cell loss occurred especially from the upper part of the 
villus (fig. 3). After clamping, the percentage of labeled 
cells per crypt column and the relative size of the proli-
ferative cell compartment increased rapidly above control 
values, to reach a maximum after 16 hr (figs. 1,4, and 5, 
and table l). 
Cells, which normally leave the mitotic cell cycle half-
way up the crypt (25), will now go through one more cell 
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cycle when the number of villus cells is reduced. A similar 
effect was also found during recovery after X-irradiation 
when the number of villus cells was decreased (1,2) 
In the present study an expansion of the proliferative 
cell compartment in the crypt was found to occur within 
8 hr after temporary ischemia (fig. 5 and table 1). After 
X-irradiation, a similar expansion of the proliferative 
cell compartment was observed; however, 48 hr elapsed (1), 
which correlates with the time interval needed before a 
considerable reduction of the number of villus cells occurs 
(2).Therefore, it is most likely that the number of villus 
cells, and not the number of crypt cells, is involved in 
the regulation of the relative size of the proliferative 
cell compartment in the crypt. 
In the present experiments the activities of nonspecific 
esterase and neutral a-glucosidase were not changed at 2 hr 
after temporary intestinal ischemia (figs. 6 and 7). How-
ever, both enzyme activities, especially in the crypt cell 
compartment, are markedly reduced after 8 hr and do not 
recover within the first 24 hr. This decrease is probably 
caused by an increase in crypt cell proliferation, as in 
earlier studies an inverse relationship was observed be-
tween nonspecific esterase activity in the crypt and the 
size of the proliferative cell compartment (3,18). For the 
neutral a-glucosidase activity such a relationship has not 
been found, although it is influenced by changes in crypt 
cell proliferation (3,15,18).These findings, together with 
the ones presently reported, indicate that a reduction of 
the villus cell population affects crypt cell maturation, 
possibly as a result of changing cell kinetics. 
Creating temporary ischemia in a large part of the small 
intestine was shown, in the present study, not to lead to 
changes in proliferative activity in the adjacent normal 
intestine (table 2) . This suggests that the response of the 
115 
crypt cell population to a reduction of the villus cell 
population is not a generalized one, but of a local charac-
ter. 
The data seem to indicate that the villus cell population 
is involved in the regulation of crypt cell proliferation 
by influencing the size of the proliferative cell compart-
ment, which also affects crypt cell maturation. In addi-
tion, data were obtained substantiating that this control 
mechanism is of a local character. 
Such a mechanism has also been found in a number of tis-
sues and organs (45). Control of proliferation may be me-
diated by the so-called chalones, and for epidermis this 
seems to be well established ( 7, 45). 
In rat intestinal epithelium a chalone-like fraction, 
which was found to hold up crypt cells in the G2-phase, has 
been isolated from crypt cells (46). Recently the exist-
ence of two chalone-like fractions affecting cells in the 
Gl- and G2-phases of the cell cycle ~,.,as described for the 
newt (4 7)· 
In addition to the possibility that one or more chalones 
may be isolated from the small intestinal epithelium, it 
seems important to investigate the way(s) in which these 
act during disturbances of the steady state growth of the 
intestinal epithelium. In addition, other factors, such as 
intercellular communication in the epithelial layer (48) 
and the role of subepithelial fibroblasts in the control of 
proliferation (30,45,49,50), should be studied in relation 
to tissue damage and tissue recovery. 
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Gastroenterology Publication IV 
THE INFLUENCE OF EXPERIMENTAL BY-PASS ON CELLULAR KINETICS 
AND MATURATION OF SMALL INTESTINAL EPITHELIUM 
R.P.C. Rijke, H.M. Plaisier, H. de Ruiter, M.D., 
Ph.D., and H. Galjaard, M.D., Ph.D. 
Dept. of Cell Biology and Genetics, Erasmus 
University Rotterdam, The Netherlands 
The effect of experimental by-pass on the intes-
tinal epithelium was invest~gated from 2 to 360 
days after creating a Thiry-Vella fistula. Within 
7-14 days the number of cells per villus column 
and, to a lesser degree, the number of cells per 
crypt column decreased and subsequently these 
values remained constant up to one year. Autoradio-
graphy did not show any changes in the percentage 
of labelled cells per crypt column, after incorpo-
ration of ( 3H)-thymidine. Also the relative size of 
proliferative cell compartment in the crypt, the 
number of crypts per unit length of small intestine 
and the crypt-villus ratio remained unchanged. 
Scintillation counting of isolated crypts from the 
Thiry-Vella fistulas showed that the number of 
cells per crypt was markedly reduced. Scanning 
electronmicroscopy revealed that the three-dimen-
sional size of the villi was also reduced. The 
Received July 23, 1976. 
This study has been carried out with a grant from The Netherlands 
Foundation in Medical Research. 
The authors gratefully a.cknowledge Dr. VI. R. Hanson for hj s stimulating 
criticisms and advice, Mr. W.J. Visser and Mr. J. Bos for technical 
assistence, and Mr. N.H.C. Brons and Dr. l!V. van Et.,rijk :':or preparation 
of the. scanning electron micrographs. 
120 
activities of non-specific esterases and neutral 
a-glucosidase remained unchanged in crypt cells 
and were above control values in villus cells. The 
development of these biochemical characteristics of 
the villus cells seems to be independent of the 
luminal contents. It was concluded that deprivation 
of food passage and gastric, pancreatic and liver 
secretions from a <jmall intestinal segment prima-
rily causes a reduction in the number of cells per 
crypt, which leads to a lower cell production. In 
turn, this is responsible for the reduction of the 
functional vi]_lus cell compartment. Arguments are 
presented for the hypothesis that crypt cell proli-
feration is regulated by at least two different 
control mechc_nisms. 
The epithelium of the small intestine is known to be 
influenced by a wide variety of factors, but little is 
known about the way(s) in which the functional capacity and 
the continuous cell renewal is regulated (1,2). Intralumi-
nal factors, like pancreatic secretions, food substances, 
bile and bile products have been shown to cause conside-
rable changes in the small intestinal epithelium (3-15). 
The functional capacity of the small intestine depends to 
a large extent on the number of functional cells on the 
villus and on the degree of maturation of these cells. The 
number of functional villus cells is determined by the cell 
production in the crypts and by the life span of the epi-
thelial cells. A change in functional capacity of the small 
intestine may thus be caused by changes in many parameters, 
like the number of cells per crypt and villus, the number 
of crypts and villi per unit length of small intestine, the 
proliferative activity in the crypt and maturation of the 
epithelial cells. 
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The isolation of a small segment of jejunum into a per-
manent Thiry-Vella fistula, without affecting its nerve 
and blood supply, seems to be an attractive model to study 
the influence of luminal contents on the various parameters 
of the intestinal epithelium, as mentioned above. 
Earlier reports about the by-pass of a segment of small 
intestine showed that the microscopic changes were rela-
tively minor compared with the gross alterations in macro-
scopic appearance (10). These authors observed only slight 
changes in villus and crypt length in Thiry-Vella fistulas 
(10), whereas others reported a considerable decrease in 
the length of villus and crypt after experimental by-pass 
(6). Also a decrease in villus length has been reported to 
be accompanied by an increase in crypt length (15). How-
ever, in the various studies the surgical procedures and 
the size of the segment differed to a large extent. The 
proliferative activity was found to be decreased in by-
passed small intestine (4,15), whereas the migration rate 
and the life span of the epithelial cells were not affec-
ted (10). Enzyme activities in by-passed small intestine 
were found to be unchanged (11,13,16). 
In the present study an attempt was made to extend the 
observations of changes in the small intestinal epithelium 
following by-pass, and to clarify the underlying mecha-
nisms. Cell kinetics and cell maturation in jejunal Thiry-
Vella fistulas were studied from 2 to 360 .days following 
by-pass. Also the three-dimensional size of crypt and 
villus, the number of crypts and villi per unit length of 
small intestine and the migration rate and life span of the 
epithelial cells were studied following experimental by-
pass. 
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Materials and Methods 
Male Glaxo-Wistar rats, weighing approximately 200 g at 
the time of surgery were used and all animals were sacri-
ficed between 10.00 and 11.00 hours. 
Surgical procedure and tissue sampling 
Animals were subjected to pentobarbital anesthesia 
(40 mg/kg of body weight, i.p.), after a fasting period of 
24 hours, and the abdomen was opened through a midline in-
cision. The small intestine was divided at approximately 
5 em distal to the ligament of Treitz and again at 12-13 
em. The remaining small intestine was anastomosed, mucosa 
to mucosa, using 6/0 silk suture and the serosa was pulled 
over the anastomosis with a number of interrupted sutures. 
The enreof the dissected segment were temporarily closed, 
brought to the abdominal surface through separate stab 
wounds and fixed to the abdominal wall to create a perma-
nent Thiry-Vella fistula. The midline incision was closed 
in two layers using interrupted 3/0 silk sutures. During 
the first two days following surgery, 5% sucrose was given 
to the rats, after which the animals resumed the standard 
pellet diet. 
At intervals of 2,3,7,14,30,60,90 1 120,180,270 and 360 
days after surgery, 2 or 3 animals were injected intrape-
ritoneally with ( 3H)-thymidine, 0.5 pCi per gram body 
weight (Amersham, specific activity 15.2 Ci/mrnole}. After 
30 minutes the animals were lightly anesthesized with 
ether, their abdomens opened and segments were removed from 
the Thiry-Vella fistulas. At 2,120,180 and 360 days after 
surgery, control segments were removed from the small in-
testine in continuity at approximately 3 ern distal to the 
anastomosis. Also intestinal segments at 5-10 em distal to 
the ligament of Treitz were removed from control animals of 
the same age as the animals with a Thiry-Vella fistula 
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which were sacrificed at 2,120,180 and 360 days after sur-
gery. 
Cellular kinetics 
The small intestinal segments were fixed in 10% formalin 
and paraffin sections (4 ~m) were processed for dipping 
autoradiography using K2 Ilford emulsion. After hematoxy-
lin and eosin staining, the number of cells was determined 
in 20 longitudinally cut crypt and villus columns. Also 
the percentage of labelled cells per crypt column and their 
positions along the crypt column were recorded. The posi-
tions of the labelled cells were calculated for each crypt 
column as fractions of the total number of cells between 
bottom and top of the crypt to correct for possible influ-
ences of differences in crypt length (17). The leading 
edge of labelled cells along the crypt column was recorded 
as described earlier (18). 
To determine the migration rate of the epithelial cells, 
a number of animals was injected with ( 3H)-thymidine at 
about 4 months after surgery. At intervals of 12,24 and 
36 hours, segments were removed from the Thiry-Vella fis-
tula and from the small intestine in continuity at appro-
ximately 3 ern distal to the anastomosis. After fixation in 
10% formalin, paraffin sections (4 ~m) were processed for 
dipping autoradiography. After hematoxylin and eosin stai-
ning the position of the leading edge of labelled cells 
was determined along 20 longitudinally cut villus columns 
per tissue. 
Three-dimensional parameters 
A number of animals was injected intravenously with ( 3H)-
thymidine, 1 ~Ci per gram body weight, at approximately 
4 months after surgery. One hour later segments were remo-
ved from the Thiry-Vella fistula and from the small intes-
tine in continuity at approximately 3 ern distal to the 
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anastomosis. 
The total proliferative activity per crypt was determined 
according to Hagemann et al. (19). From each tissue 150 
crypts were isolated and transferred to 3 liquid scintilla-
tion vials (50 to each vial), containing 0.5 ml Soluene 
(Packard) for solubilization. After 48 hours 15 rnl scintil-
lation mixture (5 g PPO plus 0.5 g POPOP/l toluene) was 
added. The samples were counted in a liquid scintillation 
spectrometer (Packard) and the results were expressed as 
disintegrations per minute (dprn's) per crypt. 
From the same animals, about 2 ern long segments were tied 
off at both ends after intraluminal injection of physiolo-
gical saline at a hydrostatic pressure of 33 em of water. 
A weight of 25 g was attached to one end, three segments 
with a length of exactly 4 rnm were simultaneously resected 
and transferred to liquid scintillation vials (one for each 
segment). After drying in an oven at 60°C for 24 hours, 
1 ml Soluene was added to each vial and 48 hours later 
15 ml scintillation mixture. The samples were counted in a 
liquid scintillation spectrometer, and the results were ex-
pressed as dpm's per em of small intestine. By dividing 
these values by the number of dpm's per crypt for each 
tissue, the number of crypts per unit length of small 
intestine can be calculated. 
The number of crypts per villus was determined according 
to Clarke (20) in intestinal segments, which were resected 
from Thiry-Vella fistulas and small intestine in continuity 
(appr. 3 em distal to the anastomosis) at 4 months after 
surgery. The number of crypts and the number of villi per 
unit of serosal surface were determined under the micro-
scope. 
To study the three-dimensional shape of the villi, seg-
ments from Thiry-Vella fistulas and small intestines in 
continuity (appr. 5 em distal to the anastomosis) were pre-
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pared for scanning electron microscopy, 4 months after sur-
gery. The tissues were fixed in Carney's solution at 4°C 
for 24 hours, dehydrated in graded series of ethanol, 
transferred to amylacetate and dried in a critical point 
drying apparatus. The tissues were mounted on specimen sta-
ges, covered with gold using a sputter coater and examined 
in a Cambridge MK II A scanning electron microscope. 
Enzymatic assays 
Intestinal segments from all animals and locations, men-
tioned under tissue sampling, were quickly frozen in liquid 
nitrogen and stored at -70°C. Cryostat sections (12 ~rn) 
were freeze-dried (4 hr at -25°C, p < 0.15 N/m2 ), crypt and 
villus compartments were dissected under the microscope and 
the tissue fragments were weighed on a quartz balance (21) . 
The activity of non-specific esterases was determined spec-
trophotornetrically using naphthyl acetate as a substrate in 
a final volume of 350 ~1 (21). The activity of neutral a-
glucosidase was measured fluorometrically using 4-methylum-
belliferyl-a-D-glucopyranoside as a substrate at pH 6.5 in 
a final volume of 520 ~l (16). For each tissue, the enzyme 
activities were determined in 10 samples of dissected 
crypts and 10 samples of dissected villi. 
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Results 
Cell compartment sizes and proliferative activity 
The number of epithelial cells per crypt column and per 
villus column at various time intervals after establishing 
a jejunal Thiry-Vella fistula is illustrated in fig. 1. The 
number of cells per villus column in the jejunum of control 
animals of various ages and in the jejunum in continuity of 
animals that underwent surgery does not show any differen-
ces. In the Thiry-Vella fistula the number of cells per 
villus column decreases within 1 week to about 80% of the 
control values and subs,~quently remains constant up to one 
year after surgery. The number of cells per crypt column 
only shows a slight decrease in the Thiry-Vella fistula to 
reach constant values of 29-30 cells per crypt column, com-
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Fig. 1. N~~er of cells per crypt column and villus column at 
various time intervals after experimental by-pass. D Thiry-Vella fistula, ffi] jejunum in continuity, 0 jejunum 
c-f age controls. 
Each value represents the mean of 2-3 animals, control values 
repr.ese~t the mean (± SD) of 5 animals. 
Table 1. Proliferative activity in jejunal crypts after experimental by-pass. X 
days percentage of labelled leading edge of labelled 
cells per crypt column cells along crypt coluum+ 
after 
T.V.- jejunum in jejunum of T.V.- jejunum in jejunum of 
surgery fistula continuity age controls fistula continuity age controls 
control 28.0 ± 1.5 0.53±0.02 
2 27.3 29.1 0.60 0.62 
3 24.0 0.54 
7 29.3 0.55 
14 22.6 0.51 
30 24.5 0.49 
60 26.7 0.52 
90 28.0 0.51 
120 23.8 27.7 28.4 0. 50 0.56 0.52 
180 24.8 25.7 27.9 0.50 0.52 0.51 
270 23.7 0.51 
360 25.5 28.8 26.2 0.52 0.53 0.53 
x Each value represents the mean of 2-3 animals, control values represent the 
mean ( ± SD) of 5 animals. 
+ Expressed as fraction of number of cells from bottom to top of crypt. 
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Fig. 2. Distribution of labelled cells after (3H)-thymidine 
labelling in jejunal crypt columns at various time intervals 
following experimental by-pass. 
- Thiry-Vella fistula, --jejunum in continuity, 
------- jejunum in age controls. 
Each distribution is based on data from 2-3 animals. 
1.0 
pared to 32-33 cells per column in the jejunum of control 
animals and in the jejunum in continuity of operated rats. 
The percentage of labelled cells per crypt column, half 
an hour after ( 3H)-thyrnidine injection, was determined in 
the Thiry-Vella fistula and in the jejunum in continuity at 
various time intervals after surgery. The results are given 
in table 1, together with e values of the age controls. 
No consistent changes can b observed between the various 
controls and the Thiry-VellL fistulas. The relative size of 
the proliferative cell compartment in the crypt, estimated 
by determining the leading edge of labelled cells along the 
crypt column, is also given in table l. In the first days 
following surgery there is a slight expansion of the proli-
ferative cell compartment in the Thiry-Vella fistula as 
well as in the jejunum in continuity. At all other time in-
129 
Table 2. Epithelial cell migration on villi 
after experimental by-pass.+ 
hours after Thiry-Vella jejunum in 
3H-thymidine fistula continuity 
12 0.03 0.02 
24 0.3 0.2 
36 0.7 0.5 
+ Values represent cell position of leading 
edge of labelled cells, expressed as fraction 
of number of cells per villus column. Each 
value is the mean of 2 animals. 
tervals after surgery no differences are observed. 
The distribution of labelled cells along the crypt column 
is illustrated for the various experimental groups in 
fig. 2. In all age controls the percentage of labelled 
cells at each cell position is approximately 50% in the 
proliferative cell compartment, which is localized in the 
lower half of the crypt. The distribution of labelled cells 
in the Thiry-Vella fistula and in the jejunum in continuity 
is about the same as in the age controls, except for a 
slight expansion of the proliferative cell compartment at 
2 days after surgery. 
Cell migration of epithelial cells 
Animals with permanent Thiry-Vella fistulas were injected 
with ( 3H)-thymidine and 12, 24 and 36 hours later, the po-
sition of the leading edge of labelled cells was determined 
(table 2). Cell migration along the upper half of the crypt 
Table 3. Three-dimensional parameters of intestinal epithelium 
following experimental by-pass.+ 
Thiry-Vella fistula Jejunum in continuity 
dpm/crypt 10.0 ± 3. 1 15.0 ± 2.0 
crypts/em of 
intestine 29400 ± 6800 28700 ± 1600 
crypt-villus ratio 9.2 ± 1.0 10.2 ± 1.0 
+ Each value repr-esents the mean (± SD) of 3 animals. 
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Fig. 3. Scanning electron micrographs of jejunal villi. 
(a) Thiry-Vella fistula, and 
(b) jejunum in continuity of the same rat; 
magnification 122x 
(c) Thiry-Vella fistula, and 
(d) jejunum in continuity; 
magnification 244x. 
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takes somewhat less than 12 hours in all experimental 
groups. During the subsequent migration along the villus 
the migration rate seems to be somewhat faster in the 
Thiry-Vella fistula than in the jejunum in continuity. 
Three-dimensional parameters 
The total radioactivity in whole crypts, determined as 
dprn's per crypt after pulse labelling with ( 3H)-thyrnidine 
and crypt isolation, is considerably smaller in the Thiry-
Vella fistula than in the jejunum in continuity (table 3) , 
indicating a clear difference in crypt cell production. The 
number of crypts per ern length of small intestine and the 
number of crypts per villus in the Thiry-Vella fistula do 
not differ from those in the jejunum in continuity. 
To observe any changes in the three-dimensional structure 
,umol o::-napthol, 
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120 
80 
40 
0 
2 
VILLUS 
7 14 30 60 90 
days after surgery 
120 180 270 360 
Fig. 4. Enzyme activity of non-specific esterases in isolated 
crypt and villus cell compartments at various time intervals 
following experimental by-pass. 0 Thiry-Vella fistula, B] jejunum in continuity, 0 jejunum 
in age controls. 
Each value represents the mean of 2-3 animals, control values 
represent the mean (± SD) of 5 animals. 
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Fig. 5. Enzyme activity of neutral a-glucosidase in isolated 
crypt and villus cell compartments after experimental by-pass. 
For explanation of columns see legend to Fig. 4. 
of the villi, small intestinal segments were investigated 
with a scanning electron microscope. As fig. 3 shows there 
is a large difference in villus shape between the fistula 
and the jejunum in continuity. The latter shows t6e normal 
appearance of leaf-shaped villi. The villi in the Thiry-
Vella fistula are conical structures with broad bases and 
narrow tips. 
Enzyme activities as parameters for cell maturation 
The activity of non-specific esterases was measured in 
isolated crypt and villus compartments. The results at the 
various time intervals after establishment of a Thiry-Vella 
fistula, are illustrated in fig. 4. The enzyme activity in 
the crypt in Thiry-Vella fistulas is reduced at 2 days 
after surgery, and subsequently returns to control values. 
The esterase activity in the villus cell compartment increa-
ses with time in the Thiry-Vella fistula, and this also 
occurs in the controls, although to a lesser degree. 
Neutral a-glucosidase was also assayed in isolated crypt 
and villus compartments in the various experimental groups, 
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and the activities are illustrated in fig. 5. The activity 
of neutral a-glucosidase in the crypt cell compartment fol-
lowing by-pass does not show any differences, as compared 
to the controls. In all three experimental groups the acti-
vities show considerable variations. The activities of neu-
tral a-glucosidase in villus cells also show large varia-
tions. The enzyme activities in villus cells are mostly 
higher in the Thiry-Vella fistula than in the control 
groups. 
Discussion 
Among the factors influencing small intestinal morphology 
and function, luminal factors seem to be very important. 
Although the number of villus cells and crypt cells are 
known to adapt to various circumstances, the regulatory 
mechanisms of intestinal proliferation and maturation are 
unknown ( l) . 
The number of crypt and villus cells may be increased by 
pancreatic secretions (3), or partial resection of the 
small intestine (5,22,23). In the latter case, the prolife-
rative activity, as determined by the labelling index after 
( 3H)-thymidine, has been reported to be normal, while cell 
production per crypt increased {22,23}. A decrease in cell 
numbers was observed following experimental by-pass (4,10) 
The total number of villi in the small intestine seems to 
be constant, as shown by experiments using starvation, ir-
radiation and partial resection (20,24,25). The number of 
crypts, however, do change under some circumstances (20, 
25) • 
The influence of luminal contents on the cellular kine-
tics and maturation of intestinal epithelium was studied by 
creating permanent Thiry-Vella fistulas of proximal jeju-
nurn. 
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The number of cells per villus column, and to a lesser 
degree the number of cells per crypt column, decreases in 
the by-passed jejunum within 7-14 days, and subsequently 
remains constant up to one year. No changes were observed 
in the percentage of labelled crypt cells and relative size 
of the proliferative cell compartment in the crypt. How-
ever, the total proliferative activity per crypt, as deter-
mined by scintillation counting of isolated crypts after 
labelling with {3H}-thymidine, was found to be markedly re-
duced in by-passed jejunum. This decrease is largely due 
to a reduction in the total crypt cell population, as no 
changes were observed in the percentage of labelled cells 
per crypt column. A decrease in crypt cell production was 
also reported by Clarke (4), who determined the number of 
colchicin-arrested mitoses per crypt in by-passed intes-
tine. 
Using scanning electron microscopy the three-dimensional 
size of the villi was found to be markedly reduced in the 
Thiry-Vella fistula. Structural changes have also been re-
ported by other investigators using dissection microscopy 
(10,15). The number of crypts per unit length of intestine 
remained unchanged, as did the crypt-villus ratio. From the 
data presented in table 3 it is clear that also the number 
of villi per unit length of intestine remains constant 
after experimental by-pass. 
It seems that the macroscopic hypotrophy of a by-passed 
segment of small intestine, aside from changes in the 
muscle layer, results from a reduction in the size of villi 
and crypts, in length as well as in width. The reduction of 
the villus cell population is caused by a lowered cell 
production per crypt, due to a reduction in number of cells 
per crypt. Our experimental work also shows that luminal 
contents, like food substances and secretions from stomach, 
pancreas and liver, are not essential for maintaining the 
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structure of the epithelium of the small intestine. Adapta-
tion to the new environment occurs within two weeks and 
subsequently the cell compartments remain constant up to 
one year after by-pass. 
The migration rate of epithelial cells on the villus ap-
pears to be somewhat larger in the Thiry-Vella fistula than 
in control jejunum~ This probably indicates some shortening 
of the life span of epithelial cells in by-passed jejunum, 
which also contributes to the decrease in the number of 
villus cells. Earlier studies on by-passed small intestine 
did not reveal any changes in cell migration rate, but mi-
gration of epithelial cells was followed during a shorter 
time period (10). 
The observed changes in cellular kinetics do not lead to 
any consistent changes in crypt cell maturation, as reflec-
ted by unchanging activities of non-specific esterases and 
neutral a-glucosidase in isolated crypts. The esterase ac-
tivity in the villus cell compartment is increased in by-
passed jejunum, and this also seems to be true for neutral 
a-glucosidase, although the variations in activity of the 
latter enzyme are considerable. This increase in enzyme ac-
tivities of the villus cells may be explained by the lack 
of pancreatic secretions as well as bile products, which 
have been shown to reduce the activity of a number of enzy-
mes in small intestine (7,12,26,27). 
The observed response of the small intestinal epithelium 
to experimental by-pass is quite different from the res-
ponse to an experimental reduction of the villus cell popu-
lation. In the latter case an increase in crypt cell pro-
duction is observed which is primarily achieved by an ex-
pansion of the proliferative cell compartment in the crypt 
(18,28,29). This is accompanied by a considerable decrease 
in crypt cell maturation, as reflected in lower activities 
of a number of enzymes involved in intestinal function (16, 
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18,29-31). 
Studies on the response to partial resection of the small 
intestine revealed that the crypt and villus cell popula-
tions increase in size, but no change in proliferative ac-
tivity occurs (5,22,23). Also during lactation the number 
of cells per crypt increases without any changes in label-
ling index, number of villi and crypts, or life span of the 
epithelial cells (32). 
It is most likely that crypt cell proliferation is regu-
lated by at least two different mechanisms. Firstly, there 
is a feedback control of the relative size of the prolife-
rative cell compartment in the crypt by the number of func-
tional villus cells (18,29,30,33). Secondly, there is a 
mechanism which regulates crypt cell production via changes 
in the size of the crypt cell compartment. The question 
remains unanswered how a change in number of cells per 
crypt is brought about, although a shortening of the cell 
cycle may be involved in an enlargement of the crypt (22, 
32) . 
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SUMMARY Crypt cell proliferation in the small intestine 
is probably regulated via a feedback mechanism by the vil-
lus cell population. Such a mechanism also plays a role in 
the recovery of the intestinal epithelium after irradia-
tion. The present study deals with the question whether the 
normal luminal contents are necessary for the feedback re-
gulation to operate. Permanent jejunal Thiry-Vella fistu-
las were established in rats and 3-4 months later the ani-
mals were exposed to whole-body irradiation. Crypt cell 
proliferation and maturation were studied up to one week 
after irradiation. After irradiation a reduction in the 
crypt cell population was observed, which was followed by a 
recovery at 72 hours after irradiation. The number of vil-
lus cells decreased up to 48 hours and control values were 
found again between 96 and 168 hours after irradiation. 
From 48 hours after irradiation on an increase in crypt 
cell proliferation was observed, which was mainly due to an 
expansion of the proliferative cell compartment in the 
crypt. No differences were found in the pattern of crypt 
cell proliferation after irradiation between by-passed je-
junum and jejunum in continuity. The same was true for the 
activities of non-specific esterases, neutral a-glucosidase 
and alkaline phosphatase in isolated crypt and villus com-
partments. Hence it seems that the absence of normal lumi-
140 
nal contents does not affect the response of crypt cell 
proliferation to an experimental reduction of the villus 
cell population. 
INTRODUCTION 
A number of investigators have suggested a feedback con-
trol of crypt cell proliferation by the villus cell com-
partment in the small intestine (Galjaard et al, 1972; 
Rijke et al, 1974 and 1976a; Sato et al, 1972). This hypo-
thesis is mainly supported by the inverse relationship be-
tween the number of villus cells and the proliferative ac-
tivity in the crypt under a number of experimental circum-
stances. The reduction in the number of villus cells fol-
lowing irradiation or temporary intestinal ischaemia is ac-
companied by an expansion of the proliferative cell com-
partment in the crypt. During the subsequent recovery of 
the villus cell compartment, the proliferative cell com-
partment in the crypt decreases in size (Galjaard et al, 
1972; Rijke et al, 1976a). 
Since luminal, and possibly functional, factors are known 
to influence epithelial cell kinetics in small intestine 
{Altmann and Leblond, 1970; Dowling and Gleeson, 1973; 
Feldman et al, 1976; Rijke et al, 1976b), it seemed worth-
while to investigate whether experimental by-pass of a je-
junal segment would interfere with the regulation of cell 
proliferation in that segment. 
Therefore jejunal Thiry-Vella fistulas were established 
in rats. The animals were exposed to 700R whole-body irra-
diation at 3-4 months after surgery. The epithelial cell 
kinetics and maturation were subsequently studied from 24 
to 168 hours after irradiation in the by-passed jejunum as 
well as in the jejunum in continuity. 
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MATERIALS AND METHODS 
Male Glaxo-Wistar rats, weighing approximately 200 g at 
the time of surgery, were used and all animals were sacri-
ficed between 10.00 and 11.00 hours. 
Jejunal Thiry-Vella fistulas were constructed as descri-
bed earlier (Rijke et al, l976b). At 3-4 months after sur-
gery, the animals were exposed to 700R whole-body X-irra-
diation from a Philips X-ray machine. At 24, 36, 48, 72, 
96 and 168 hours after irradiation, intestinal segments 
were resected in two animals from the jejunum in continuity 
(approximately 3 ern distal to the anastomosis) and from the 
Thiry-Vella fistula (middle part) . All animals had been in-
jected intraperitoneally, together with five unirradiated 
animals, with 3H-thyrnidine, 0.5 ~Ci per gram body weight 
(Arnersham, specific activity 18.4 Ci/rnmole) 30 minutes 
earlier. 
The small intestinal segments were fixed in 10% formalin, 
and paraffin sections (4 vm) were processed for dipping 
autoradiography with Ilford K2 emulsion. After hematoxylin 
and eosin staining, the number of cells per crypt column 
and per villus column was determined in 20 longitudinally 
cut crypt and villus columns. The percentage of labelled 
cells per crypt column was determined and the positions of 
the labelled cells per crypt column was recorded. The posi-
tions of the labelled cells along the crypt column were 
calculated as fractions of the total number of cells between 
bottom and top of crypt to correct for the possible in-
fluence of differences in crypt length (Cairnie, 1967). Also 
the leading edge of labelled cells along the crypt column 
was determined as a parameter for the relative size of the 
proliferative cell compartment in the crypt {Rijke et al, 
1975) . 
From all animals also segments of the jejunum in conti-
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nuity and of the Thiry-Vella fistula were quickly frozen in 
liquid nitrogen and stored at -70°C. Cryostat sections 
(12 ~m) were freeze-dried in vacuo (4 hours at -25°C, 
p < 0.15 N/m2). Crypt and villus cell compartments were 
dissected under the microscope and the tissue fragments 
were weighed on a quartz fiber balance (Galjaard et al, 
1970). The activity of non-specific esterases was determi-
ned using naphthyl acetate as a substrate in a final volume 
of 350 ~l (Galjaard et al, 1970). The alkaline phosphatase 
activity was determined according to Lowry et al (1954), 
using di-Na-paranitrophenylphosphate as a substrate in a 
final volume of 250 ~1. The activity of neutral a-glucosi-
dase was determined with 4-methylumbelliferyl-a-D-glucopy-
ranoside as a substrate in a final volume of 520 ~1 
(de Both and Plaisier, 1974). For each tissue activities 
were determined in 10 samples of dissected crypts and 10 
samples of dissected villi. 
RESULTS 
The number of epithelial cells per crypt column and per 
villus column, at the various time intervals after irradia-
tion, is illustrated for by-passed jejunum and jejunum in 
continuity in Figure 1. In the unirradiated animals the 
number of cells per villus column is smaller in by-passed 
jejunum than in jejunum in continuity. Following 700R irra-
diation the number of cells per crypt column decreases du-
ring the first 24 hours, and has recovered again 72 hours 
after irradiation. No differences occur between by-passed 
jejunum and jejunum in continuity. The number of cells per 
villus column decreases during the first 48 hours and sub-
sequently increases to approach control values between 96 
and 168 hours after irradiation. The number of cells per 
villus column in by-passed jejunum remains smaller than in 
number of ceUs 
per column 
80 
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20 
0 
control 24 
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----~--"'~-~-~-~--=-=--=-'-----Ill 
crypt 
48 72 96 120 168 
hours after irradiation 
Fig. 1. Number of cells per crypt and per villus 
column at various time intervals after 700R 
X-irradiation in by-passed jejunum (closed symbols) 
and jejunum in continuity (open symbols). 
Control values represent the mean (± SD) of 
5 animals, other values represent the mean of 
2 animals. 
jejunum in continuity throughout the recovery period. 
The percentage of labelled cells per crypt column, deter-
mined half an hour after 3H-thymidine labelling, is reduced 
during the first 36 hours following irradiation (Fig. 2). 
Subsequently the percentage of labelled crypt cells increa-
ses above control values at 48 and 72 hours, and decreases 
again to approach control values at 96 hours after irradia-
tion. The leading edge of labelled cells along the crypt 
column, which is a parameter for the relative size of the 
proliferative cell compartment in the crypt, follows appro-
ximately the same pattern as the percentage of labelled 
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cells (Fig. 2}. Throughout the recovery period after irra-
diation no differences are observed in the pattern of pro-
liferative activity between by-passed jejunum and jejunum 
in continuity. 
The distribution of labelled cells along the crypt 
column, which is the resultant of cell cycle parameters and 
size of the proliferative cell compartment in the crypt, is 
illustrated for jejunum in continuity in Figure 3 and for 
by-passed jejunum in Figure 4. These distributions show 
that a considerable expansion of the proliferative cell 
compartment occurs in the crypt, with labelled cells up to 
80 
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48 72 
\ leading e-dge of 
\ labelled cells 
\\ 
b.. _______ _ 
-----o 
percentage of 
labelled crypt cells 
96 120 168 
hours after irradiation 
Fig. 2. Percentage of labelled crypt cells after 
irradiation in by-passed ell) and control jejunum 
c[]J 1 and relative Size Of the proliferative Cell 
compartment in the crypt in by-passed <ttl and 
control c()) jejunum, as estimated by the relative 
position of the leading edge of labelled cells along 
the crypt column (expressed as percentage of crypt 
cell column) . 
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Fig. 3. Distribution of labelled cells along the crypt column in 
jejunum in continuity following irradiation. Dotted lines represent 
the distribution in unirradiated animals. 
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Fig. 4. Distribution of labelled cells along the crypt column in 
by-passed jejunum after irradiation. Dotted lines represent the 
distribution in unirradiated animals. 
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Fig. 5. Crypt cell enzyme activities in by-passed <[]), 
and control <[]) jejunum at various time intervals after 
irradiation. Control values represent the mean (± SD) of 
5 animals, other values the mean of 2 animals. 
the mouth of the crypt, in jejunum in continuity at 48 and 
72 hours after irradiation. The same is true for by-passed 
jejunum at 48, 72 and, to a lesser degree, 96 hours after 
irradiation. During the subsequent period the relative size 
of the proliferative cell compartment in the crypt becomes 
normal again. The relative length of the S-phase of the 
proliferative cells, as reflected by the percentage of 
labelled cells per crypt cell position, does not change 
very much during recovery after irradiation. 
The crypt cell activities of non-specific esterases, al-
kaline phosphatase and neutral a-glucosidase following 
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irradiation are illustrated in Figure 5. The activity of 
non-specific esterases decreases from 36-48 hours after 
irradiation, increases after 72 hours and is normal again 
at 168 hours after irradiation. Alkaline phosphatase acti-
vity in crypt cells is increased during the first 48 hours 
after irradiation and is subsequently within control values. 
Neutral a-glucosidase activity shows control values during 
the recovery period except for an increase at 24 hours. No 
differences in enzyme activities are observed between jeju-
num in continuity and by-passed jejunum. 
The villus cell activities for jejunum in continuity and 
by-passed jejunum are shown in Figure 6. The esterase acti-
vity in the villus cell compartment following irradiation 
10-6 mol/h/mg 
dryweight 
120 
80 
40 
0 
non- specific esterases 
alkaline phosphatase 
40 LIJQJ~~[b[bd] 80 
0 
16 neutral o:- glucosidase 
08 
0 
control 24 36 48 72 96 168 
hours after irradiation 
Fig. 6. Villus cell enzyme activities in by-passed ([]), 
and control (D) jejunum after irradiation. 
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shows a pattern comparable with the activity in the crypt 
cell compartment. However, the esterase activity in villus 
cells, in unirradiated animals as well as during recovery 
from irradiation, is larger in by-passed jejunum than in 
jejunum in continuity. The alkaline phosphatase and neutral 
a-glucosidase activities in the villus cell compartment do 
not show any considerable changes, except for an increase 
in alkaline phosphatase activity after 36-48 hours. No con-
sistent differences in villus cell activities of alkaline 
phosphatase and neutral a-glucosidase exist between jejunum 
in continuity and by-passed jejunum. 
DISCUSSION 
The response of crypt cell proliferation to irradiation 
and the accompanying changes in crypt cell differentiation 
have been presented in detail elsewhere (de Both et al, 
1974; de Both and Plaisier, 1974; van Dongen et al, 1976a 
and b; Galjaard et al, 1972; Rijke et al, 1974). Also the 
arguments for a feedback control of crypt cell prolifera-
tion by the villus cell population in the small intestine 
have been discussed previously (Rijke et al, 1976a). 
The present data show that the response of crypt and vil-
lus cell populations to irradiation in by-passed jejunum 
and jejunum in continuity is identical. Also no differences 
were observed in the pattern of proliferative activity. 
Although esterase activity in the villus cell compartment 
is larger in by-passed jejunum than in jejunum in conti-
nuity, the pattern of activity of this enzyme in crypt and 
villus cell compartment after irradiation is the same. The 
latter is also true for neutral a-glucosidase and alkaline 
phosphatase. These findings indicate that changes in enzyme 
activities following irradiation are related to changes in 
cell kinetics (de Both et al, 1974; de Both and Plaisier, 
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1974), and not to luminal or functional changes. 
The present data also indicate that luminal and/or func-
tional factors do not affect the response of the crypt cell 
compartment to an experimental reduction of the villus cell 
compartment. The response of the by-passed intestinal epi-
thelium to the irradiation could also be attributed to a 
systemic response of the intestinal epithelium. However, it 
was recently found by studying the recovery of parabiotic 
pairs, of which one rat was irradiated, that no systemic 
factors influence crypt cell proliferation under these cir-
cumstances (van Dongen, unpublished). Furthermore, indica-
tions for a local character of the feedback control of 
crypt cell proliferation were obtained by studying crypt 
cell proliferation in different parts of the small intes-
tine after a reduction of the villus cell compartment was 
induced by temporary ischaemia in only part of the small 
intestine (Rijke et al, l976a). 
Summarizing the available data, it is most likely that 
the number of functional villus cells regulates crypt pro-
liferation by controlling the relative size of the prolife-
rative cell compartment in the crypt. This feedback mecha-
nism is of a local character and is not influenced by lumi-
nal or functional factors. 
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ABSTRACT 
Epithelial cell kinetics and maturation were investi-
gated after transposition of an ileal segment to pro-
ximal jejunum. At 7 days after surgery the number of 
cells per villus column in the transposed ileum in-
creased to reach jejunal values after 14-30 days. 
This increase was accompanied by a simultaneous in-
crease in the number of cells per crypt column up to 
130% of values in jejunum and remaining ileum. The 
percentage of labelled crypt cells, after labelling 
with 3H-thymidine, and the relative size of the pro-
liferative cell compartment in the crypt in transpo-
sed ileum did not differ from values in control 
ileum. The total proliferative activity per crypt, 
as determined by scintillation counting of isolated 
crypts after 3H-thymidine labelling, increased two-
fold from 7 days after surgery on. Cell migration 
studies revealed that the increase in number of vil-
lus cells in transposed ileum is not caused by a 
change in life span of the epithelial cells. Cell 
maturation, as studied by determining the enzyme ac-
*Present address: Division of Biological and Medical Research, 
Argonne National Laboratory, Argonne, Illinois, U.S.A. 
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tivities of non-specific esterases and neutral a-
glucosidase in dissected crypt and villus compart-
ments, did not increase in transposed ileum. It 
appears that the adaptation of a transposed ileal 
segment consists of an increase in the number of vil-
lus cells, which is brought about by an increase in 
crypt size, while labelling index and relative size 
of the proliferative crypt cell compartment do not 
change. 
INTRODUCTION 
The epithelium of the small intestine has a great poten-
tial for adaptation to various circumstances {Dowling & 
Riecken, 1974). Among the many factors influencing epithe-
lial cell kinetics and maturation, luminal factors seem to 
be especially important (Altmann & Leblond, 1970; Altmann, 
1971; Dowling & Gleeson, 1973; Feldman et al., 1976). How-
ever, little is known about the way(s) in which the small 
intestinal epithelium adapts to various circumstances. 
An attractive model to study the way(s) in which the in-
testinal epithelium adapts to altered circumstances, is to 
create a change of environment for a small segment of the 
small intestine, without affecting its blood and nerve sup-
ply. This segment may be studied after various time inter-
vals while the remainder of the small intestine may serve 
as control tissue. After transposition of an ileal segment 
to proximal jejunum, Altmann and Leblond (1970) found that 
the number of cells per villus in the transposed ileal seg-
ment increased up to jejunal values. More recently, Altmann 
(1974) postulated that this increase in number of villus 
cells is due to a change in life span of the epithelial 
cells. In these studies, however, epithelial cell prolife-
ration and maturation were not studied. 
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To study the way in which the increase in number of vil-
lus cells takes place in ileal epithelium after transposi-
tion to jejunum, epithelial cell kinetics were studied from 
2 to 30 days after transposition of an ileal segment to 
proximal jejunum. Also the enzyme activities of non-speci-
fic esterases and neutral a-glucosidase, which are normally 
lower in ileum than in jejunum (Harrison & Webster, 1971}, 
were determined in crypt and villus cell compartments to 
observe a possible adaptation in the transposed ileal seg-
ment. 
MATERIALS AND METHODS 
Surgical procedure 
Male Glaxo-Wistar rats·, weighing approximately 250 g at 
the time of surgery were used. Animals were subjected to 
pentobarbital anesthesia (40 mg/kg of body weight, i.p.), 
after a fasting period of 12 hours, and a midline laparoto-
my was performed. The small intestine, from ligament of 
Treitz to cecum, was exteriorized and delivered upon a sa-
line moistened sponge. The small intestine was kept moist 
at all times with warm physiological saline. An ileal seg-
ment, supplied by blood vessels of one mesenteric arcade, 
was isolated by dividing the small intestine at approxima-
tely 4 em and again at approximately 12 em from the cecum. 
The continuity of the ileum was re-established by end-to-
end anastomosis. The mesenterium of the isolated segment 
was incised to allow mobilization while retaining vascula-
rization and innervation. The jejunum was divided at ap-
proximately 3 em from the ligament of Treitz and the ileal 
segment was inserted by end-to-end anastomosis. The anasto-
moses were done by means of a continuous suture using 6/0 
silk. The midline incision was closed in two layers: the 
muscle layer with 3/0 silk sutures and the skin with wound 
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clips. During the first two days following surgery, 5% 
sucrose was given to the animals, after which they resumed 
the standard pellet diet. 
Tissue sampling 
At intervals of 2,3,4,7,14 and 30 days after surgery, 
3 animals were injected intravenously with 3H-thyrnidine, 
l ~Ci per gram body weight (spec. act. 17 Ci/rnrnole) between 
10.00 and 11.00 hours. After 1 hour the animals were anes-
thesized with ether, and their abdomens were opened. Seg-
ments were removed from the middle part of the transposed 
ileal segment, from the jejunum at 3 ern proximal to the 
transposed segment, and from the ileum at 3 em proximal to 
the ileal anastomosis. Also 5 control animals were injected 
with 3H-thymidine, and l hour later segments were removed 
from the corresponding parts of jejunum and ileum. 
Cell kinetic studies 
After fixation of the intestinal tissues in 10% formalin, 
paraffin sections (3 ~m) were processed for dipping auto-
radiography with Kodak NTB-2 emulsion. After hematoxylin 
and eosin staining, the number of cells per column was de-
termined for each tissue in 20 longitudinally cut crypt and 
villus columns. Also the percentage of labelled cells per 
crypt column was determined. The leading edge of labelled 
cells along the crypt column was recorded as a parameter 
for the relative size of the proliferative cell compartment 
in the crypt, as described earlier (Rijke et al., 1975). 
The total proliferative activity per crypt was determined 
as described by Hagemann, Sigdestad and Lesher (1970). From 
each tissue 200 crypts were isolated and transferred to 4 
liquid scintillation vials (50 to each vial), containing 
0.5 rnl Soluene {Packard) for solubilization. After 48 hours 
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• •• 15 ml of scintillation mixture (5 g PPO plus 0.5 g POPOP 
per litre of toluene) was added. The samples were counted 
in a liquid scintillation spectrometer (Packard) , and the 
results were expressed as disintegrations per minute per 
crypt. 
To determine the life span of the epithelial cells, a 
number of animals was injected with 3H-thyrnidine at 30 days 
after surgery. At 12 and 36 hours after injection of 3H-
thymidine, segments were removed from jejunum, ileum, and 
transposed ileum. After autoradiographic processing the po-
sition of the leading edge of labelled cells was determined 
along 20 longitudinally cut villus columns for each tissue. 
Enzyme assays 
Segments from jejunum, ileum and transposed ileum were 
resected in rats at 2-30 days after surgery, together with 
jejunal and ileal segments in control animals. The tissues 
were quickly frozen in liquid nitrogen and stored at -70°C. 
Cryostat sections (12 ~rn) were freeze-dried in vacuo, crypt 
and villus compartments were dissected, and the tissue 
fragments were weighed on a quartz-fibr,e balance (Galjaard 
et al., 1970). The activity of non-specific esterases was 
determined spectrophotornetrically using naphthyl acetate 
as a substrate in a final volume of 350 ~l (Galjaard 
et al., 1970). The activity of neutral a-glucosidase was 
measured fluorometrically with 4-methylumbelliferyl-a-D-
glucopyranoside as a substrate at pH 6.5 in a final volume 
of 520 ~l (de Both & Plaisier, 1974) . For each tissue en-
zyme activities were determined in 5 s-amples of dissected 
crypts and 5 samples of dissected villi. 
• •• PPO: 2,5-diphyloxazol; POPOP: 2,2'-phenylen-bis-(5-
phenyloxazol) . 
!58 
RESULTS 
Epithelial cell kineticS 
At various time intervals (2-30 days) after transposition 
of an ileal segment to proximal jejunum, radioautographs of 
jejunum, ileum, and transposed ileum were were prepared 
1 hour after pulse labelling with 3H-thymidine. 
The cell kinetic data of the jejunum are given in 
Table l. During the first days after surgery, an increase 
in proliferative activity is observed, together with an in-
crease in the number of cells per crypt column. There is an 
expansion of the proliferative cell compartment in the 
crypt, as reflected by the leading edge of labelled cells 
along the crypt column. All parameters are normal again 
from 7-14 days after surgery on. To discriminate between 
this general response of the entire small intestine, which 
was also found during the first days after partial resec-
tion of the intestine (Hanson, 1975) and after experimental 
Table 1. Cell kinetics in jejunal epithelium* after transpcsi tion** 
of an ileal segment to proximal jejunum. 
time after No. of cells per column % labelled leading edge of 
surgery crypt villus crypt cells labelled cells*** 
control 32 ± 1 73 ± 2 23.8 ± 1.3 0.48 ± 0.02 
2 days 37 ± 1 71 ± 2 29.1 ± 0.9 0.68 ± 0.03 
3 days 36 ± 1 73 ± 5 27.4 ± 0.5 0.62 ± 0.05 
4 days 35 ± 3 74 ± 3 26.7 ± 0.3 0.59 ± 0.08 
7 days 34 ± 1 82 ± 4 26.2 ± 1.5 0.52 ± 0.01 
14 days 33 ± 1 76 ± 1 25.5 ± 2.4 0.51 ± 0.01 
30 days 32 ± 1 75 ± 23.7 ± 0.2 0.50 ± 0.02 
*At 3 em proximal to the transposed segment 
**control values represent the mean (± SD) of 5 animals, other 
values the mean (± SD) of 3 animals. 
***The leading edge of labelled cells along the crypt column is 
expressed as fraction of the number of cells from bottom to top 
of crypt. 
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Fig. 1. The number of cells per crypt column and villus 
column at various time intervals after transposition of 
an ileal segment to proximal ~ejunum. D remaining ileum, 
Otransposed ileum. 
Each value is the mean (± SD) of 3 animals, control 
value is the mean (± SD) of 5 animals. 
by-pass of an intestinal segment (Rijke et al., 1976b), and 
a possibly specific response of the transposed ileum, the 
data of transposed ileum and remaining ileum were calcula-
ted as percentages of jejunal values of the same rat (see 
Figs. land 2). 
The number of epithelial cells per crypt column and per 
villus column in transposed ileum and remaining ileum at 
the various time intervals after surgery is illustrated in 
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Fig. 1. The number of cells per villus column in the ileum 
of control animals is approximately half of that in jeju-
num. In the remaining ileum after surgery the number of 
cells per villus column varies between 55 and 75% of jeju-
nal values. The number of cells per villus column in the 
transposed ileum increases above that in the remaining 
ileum from day 7 on, and is the same as that in jejunum at 
day 30 after surgery. The number of cells per crypt column 
in the ileum of control animals and the remaining ileum of 
operated animals is the same as in the jejunum. The number 
of cells per crypt column in the transposed ileum increases 
above that in jejunum and ileum from day 7 after surgery on 
to remain markedly enlarged. 
Thus it seems that a specific response occurs in an ileal 
segment after transposition to proximal jejunum. This res-
ponse consists of an increase in the number of cells per 
crypt column and per villus column from day 7 after surgery 
on. 
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Fig. 2. Proliferative activity in intestinal crypts 
after transposition of an ileal segment to jejunum. 0 remaining ileum, D transposed ileum. 
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Table 2. Total proliferative activity*per crypt 
in jejunum, ileum, and transposed ileum at various 
time intervals after surgery. 
time after jejunum transposed remaining 
surgery ileum ileum 
Control 7.0 ± 2.5 10.0 ± 4.5 
2 days 17.5 ± 4.5 17.5 ± 1.0 17.0 ± 2.5 
3 days 8.0 ± 2.0 10.0 ± 2.5 10.5 ± 1.5 
4 days 9.0 ± 2.5 10.0 ± 0.5 8.0 ± 6.0 
7 days 13.5 ± 1.0 24.0 ± 4.5 14.5 ± 2.0 
14 days 9.0 ± 2.0 16.5 ± 2.0 10.5 ± 1.5 
30 days 10.5 ± 1.0 20.0 ± 4.5 9.0 ± 2.0 
*Expressed as d.p.m. 1 s per crypt after pulse labelling 
with 3H-thymidine. 
The percentage of labelled cells per crypt column, 1 hour 
after labelling with 3H-thymidine, is illustrated for 
transposed ileum and remaining ileum in Fig. 2. At all time 
intervals the percentage of labelled cells per crypt column 
in the remaining ileum as well as in the transposed ileum 
is about the same as that in the jejunum. 
The relative size of the proliferative cell compartment, 
estimated by determining the leading edge of labelled cells 
along the crypt column 1 hour after 3H-thymidine labelling, 
is also illustrated in Fig. 2. The leading edge of labelled 
cells in transposed ileum and remaining ileum is approxima-
tely the same as that in jejunum at all time intervals 
after surgery. 
The total proliferative activity per crypt in transposed 
ileum, ileum and jejunum was determined by scintillation 
counting of isolated crypts after 3H-thymidine labelling, 
and expressed as number of disintegrations per minute per 
crypt {Table 2). At 2 days after surgery there is an increa-
se in proliferative activity in all three parts of the 
small intestine of operated animals~ In the following days 
the values for jejunum and ileum are within control values 
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Table 3. Epithelial cell migration on villi 30 days after 
transposition of an ileal segment to proximal jejunum~ 
hours after jejunum transposed remaining 3H-TdR ileum ileum 
12 5 ± 3 4 ± 2 3 ± 1 
36 60 ± 10 60 ± 20 70 ± 10 
*values represent the position of the leading edge 
of labelled cells along the villus column, expressed 
as percentages of number of cells per villus column. 
Each value is the mean (± SD) of 3 animals. 
again. At 7 days after surgery the proliferative activity 
per crypt increases in the transposed ileum above the 
values in jejunum and remaining ileum, to remain high. 
It appears that the observed increase in number of crypt 
cells and villus cells in transposed ileum is not accompa-
nied by changes in the percentage of labelled crypt cells 
or in the relative size of the proliferative cell compart-
ment in the crypt. Comparing the data for the percentage of 
labelled crypt cells (Fig. 2) and the number of d.p.rn.'s 
per crypt (Table 2), it is clear that the total number of 
cells per crypt in transposed ileum increases even more 
than the number of cells per crypt column. 
Life span of the epithelial cells 
An estimate of the life span of the epithelial cells was 
obtained by following the migration of labelled cells along 
the villus between 12 and 36 hours after labelling with 3H-
thymidine. From the results of this study (Table 3), which 
was performed at 30 days after surgery, it is clear that no 
difference in life span exists between epithelial cells in 
transposed ileum and those in remaining ileum, that may 
account for the observed difference in number of cells per 
villus column (Fig. l). 
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Table 4. Enzyme activities of non-specific esterases and neutral 
a-glucosidase in crypt and villus compartments of jejunal * 
epithelium after transposition of an ileal segment to jejunum. 
time after non-specific esterases neutral a.-glucosidase 
surgery 
crypt villus crypt villus 
Control 18 ± 3 67 ± 7 0.065 ± 0.013 1.0 ± 0.4 
2 days 9 ± 1 64 ± 21 0.049 ± 0.002 0.8 ± 0.2 
3 days 12 ± 2 59 ± 12 0.053 ± 0.003 0.8 ± 0.2 
4 days 18 ± 2 78 ± 4 0.048 ± 0.004 0.6 ± 0.2 
7 days 28 ± 10 89 ± 10 0.053 ± 0.002 0.8 ± 0.1 
14 days 21 ± 2 73 ± 16 0.057 ± 0.001 0.7 ± 0.1 
30 days 24 ± 3 74 ± 5 0.068 ± 0.007 0.9 ± 0.2 
.. Enzyme activities are expressed as -6 10 mol substrate split 
per hour per mg dryweight. Control values represent the mean 
(± SD) of 5 animals, other values the mean (± SD) of 3 animals. 
Cell maturation of epithelial cells 
Epithelial cell maturation was studied after transposi-
tion of an ileal segment to proximal jejunum by determining 
the enzyme activities of non-specific esterases and neutral 
percentage of 
jejuna! value 
120 VILLUS 
80 rn~~~~~ 40 D 0 
120 CRYPT ~~~~Lb~ 80 40 D 0 
control 2 3 4 7 14 30 
days after surgery 
Fig. 3. Enzyme activity of non-specific esterases in 
dissected crypt and villus cell compartments after 
transposition of an ileal segment to jejunum. 0 remaining ileum, Otransposed ileum. 
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a-glucosidase in dissected crypt and villus cell compart-
ments. 
From the enzyme activities in the jejunal epithelium, 
given in Table 4, it appears that the surgery and its con-
sequences influence crypt and villus cell enzyme activi-
ties. The enzyme activities are reduced during the first 
days after surgery, at which time the proliferative acti-
vity is increased (Table 1), and subsequently return to 
control values. To determine whether specific changes in 
enzyme activities occur in the transposed ileum, the enzyme 
activities of the transposed ileum and the remaining ileum 
are given as percentages of activities in the jejunum of 
the same rat (Figs. 3 and 4). 
The activity of non-specific esterases in the villus 
cell compartment of transposed ileum and remaining ileum 
is 60-80% of the activity in jejunum (Fig. 3) during the 
first days after surgery. From 7 days after surgery on the 
percentage of 
jejuna! value 
120 
VILLUS 
mmrn 
80 ~ Efl ~ 40 0 
CRYPT 
120 ~ 80 D m 40 0 
control 2 3 4 7 14 30 
days after surgery 
Fig. 4. Enzyme activity of neutral a-glucosidase in 
crypt and villus cell compartments after transposition 
of an ileal segment to jejunum. 0 remaining ileum, 
[] transposed ileum. 
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esterase activity in the transposed ileum is reduced, as 
compared to the activity in the remaining ileum. The same 
is true for the esterase activity in the crypt cell com-
partment. The activity of neutral a-glucosidase in trans-
posed ileum and remaining ileum, as illustrated in Fig. 4, 
increases somewhat above control values in the crypt and 
villus cell compartment. However, no consistent differences 
are observed between the transposed ileum and the remaining 
ileum. 
From the enzyme studies, it appears that the epithelium 
of an ileal segment, which is transposed to the jejunum, 
does not adapt by an increase in enzyme activities: the 
enzyme activities remain below jejunal levels. The activity 
of non-specific esterases in transposed ileum is even re-
duced compared to the values for the remaining ileum. 
DISCUSSION 
The mechanisms underlying the potential of the small in-
testinal epithelium for adaptation are still largely un-
known. The activity per cell of a number of enzymes invol-
ved in intestinal function, like disaccharidases, dipepti-
dases, alkaline phosphatase, and non-specific esterases, do 
not change, or only slightly, following procedures like 
partial resection of the intestine or experimental by-pass, 
which are known to affect intestinal function (Weser & 
Hernandez, 1971; Gleeson, Dowling & Peters, 1972; Hietanen 
& Hannine, 1972; Dowling & Gleeson, 1973; Menge et al., 
1975; Rijke et al., 1976b). This indicates that changes in 
the number of functional villus cells are responsible for 
the functional adaptation of the intestinal epithelium to 
various circumstances. As the number of villi in the small 
intestine is remarkably stable under various experimental 
procedures (Clarke, 1972; Forrester, 1972; Cairnie & 
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Millen, 1975; Rijke et al., l976b), the number of cells per 
villus appears to be primarily responsible for intestinal 
adaptation. 
During lactation and after partial resection of the small 
intestine an increase in the number of villus cells and 
crypt cells was found throughout the small intestine, 
whereas no change was observed in the percentage of label-
led crypt cells after 3H-thyrnidine labelling (Hanson & 
Osborne, 197li Hanson, 1975; Harding & Cairnie, 1975). 
During starvation a decrease in the number of villus cells 
and crypt cells was found throughout the small intestine, 
while the mitotic index remained normal or showed only a 
slight decrease (Stevens Hooper & Blair, 1958; Altmann, 
19 72) . 
A local adaptation of the small intestine may be obser-
ved after experimental by-pass or transposition of an in-
testinal segment. A decrease in the number of villus cells 
and crypt cells was found in a by-passed jejunal fistula, 
. 3 
whereas the percentage of labelled crypt cells after H-
thymidine labelling remained unchanged {Rijke et al., 
1976b). After transposition of an ileal segment to proximal 
jejunum, an increase in the number of villus cells was ob-
served in the transposed segment {Altmann & Leblond, 1970) 
In the latter study, however, it was not investigated how 
the increase in the number of villus cells is brought 
about. 
In the present study, epithelial cell kinetics and matu-
ration were investigated from 2 to 30 days after transposi-
tion of an ileal segment to proximal jejunum. The results 
clearly demonstrate that the number of cells per villus 
column increases in transposed ileum up to jejunal values, 
and that the number of cells per crypt column markedly in-
creases above that in jejunum and remaining ileum. This 
adaptation takes 14-30 days, which is a remarkably long 
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time considering the fast turnover of the intestinal epi-
thelium. No changes were observed in the percentage of 
labelled cells per crypt column and the relative size of 
the proliferative cell compartment in the crypt. The total 
proliferative activity per crypt increases almost two-fold 
in transposed ileum at 7 days after surgery, indicating a 
large increase in the total number of cells per crypt. The 
results from the cell migration study reveal that the in-
crease in number of villus cells in transposed ileum is 
not caused by a change in life span of the epithelial cells. 
The enzyme activities of non-specific esterases and neutral 
a-glucosidase are lower in ileal epithelium than in jejunal 
epithelium (see Figs. 3 and 4). However, no increase in en-
zyme activities was observed in ileal epithelium after 
transposition to proximal jejunum. The activity of non-
specific esterases in crypt and villus cell compartments is 
even reduced in transposed ileum from 7 days after surgery 
on. 
These findings lead to the conclusion that the adaptation 
of an ileal segment after transposition to proximal jejunum 
consists of an increase in the number of cells per villus. 
This increase is caused by an increase in the number of 
cells per crypt, which leads to a larger cell production 
per crypt, as no changes in the percentage of labelled 
crypt cells after 3H-thymidine labelling or i~ the relative 
size of the proliferative crypt cell compartment occur. 
Also following partial resection of the small intestine 
and during lactation an increase in crypt cell production 
is achieved by an enlargement of the crypt without changes 
in the relative size of the proliferative cell compartment 
(Hanson, 1975; Harding & Cairnie, 1975; McDermott & 
Roudnew, 1976). Furthermore it was observed that after par-
tial resection of the intestine and during lactation some 
shortening of the cell cycle time occurs in the prolifera-
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tive crypt cells (Hanson & Osborne, 1971; Harding & 
Cairnie, 1975; McDermott & Roudnew, 1976). Some shortening 
of the cell cycle time in all cells of the proliferative 
cell compartment could possibly lead to an increase in the 
total number of cells per crypt. However, it seems more 
likely that the cell cycle time of the proliferative cells 
in the bottom of the crypt, which is considerably longer 
than that of the remaining crypt cells (Cairnie, 1965; 
Wright, Morley & Appleton, 1972), is shortened under these 
circumstances, as this would lead more easily to an enlar-
gement of the crypt. 
An increase in crypt cell production was also found after 
an experimental reduction of the number of villus cells 
(Galjaard, van der Meer-Fieggen & Giesen, 1972; Rijke 
et al., 1976a). In these studies, however, the increase in 
crypt cell production was achieved by a considerable in-
crease in the relative size of the proliferative cell com-
partment in the crypt, and the increase in crypt cell pro-
duction occurred within 24 hours after reduction of the 
villus cell population (Galjaard et al., 1972; Rijke et al., 
1976a). Following partial resection of the intestine or 
transposition of an ileal segment to jejunum an increase in 
crypt cell production is found only from 7 days after sur-
gery on (Hanson, 1975; see Table 2). 
It seems that cell proliferation in the intestinal epi-
thelium is regulated by at least two separate control mecha-
nisms. After reduction of the villus cell population an im-
mediate increase in crypt cell production is achieved by an 
enlargement of the relative size of the proliferative cell 
compartment in the crypt, while an increase in crypt cell 
production during lactation, after partial resection of the 
intestine, or after transposition of an ileal segment to 
jejunum is brought about by an increase in the number of 
cells per crypt without changes in the relative size of the 
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proliferative crypt cell compartment. Furthermore, the 
latter mechanism takes a relatively long time to enlarge 
crypt cell production. 
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